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Of the 20 proteinogenic amino acids used by life, only two contain a sulphur
atom: methionine and cysteine. While most bacteria, fungi and plants possess
the ability to synthesise sulphur amino acids from simple carbon, nitrogen and
sulphur sources, methionine and cysteine are essential to all animals, including
humans, and need to be taken up with their diet. Since most common feedstock
crops are relatively low in sulphur amino acid content, methionine becomes the
first growth limiting for many farm animals, especially young piglets, poultry
and a variety of farmed fish and crustaceans, and needs to be added externally
to animal feeds. Annually, more than one million tonnes of DL-methionine are
produced, mostly by chemical synthesis, but chemical synthesis of methionine
uses non-renewable resources and toxic intermediates, and produces a racemic
mixture of methionine. The D-enantiomer has to be converted into the L-form
either in the body of farm animals, reducing its nutritional value, or by enzymatic
conversion, increasing the costs of pure L-methionine.
These hurdles in methionine synthesis call for a more sustainable production
method of L-methionine. Several studies investigated the fermentative production
of L-methionine in Escherichia coli or Corynebacterium glutamicum, but no
commercial process has been established to date. Other approaches aimed at
improving the nutritional value of plants by increasing the methionine production
and/or overexpressing a methionine storage protein, but most studies increased
the total sulphur amino acid content only slightly. This thesis aims to develop
Saccharomyces cerevisiae strains with high amounts of sulphur amino acids that
could be added directly to animal feeds. S. cerevisiae (baker’s yeast) is a generally
recognised as safe (GRAS) organism, which is genetically tractable, has a well
described sulphur metabolism and is widely used in food production and animal
feedstocks.
Chapter 3 describes a Design of Experiments (DOE) approach to identify
key genetic and environmental factors influencing methionine production in S.
cerevisiae. Despite the inability to generate all designed strains, the approach was
able to increase the methionine titre more than 5-fold by deleting SAM2, MET30
& MET32 and inserting a strong promoter in front of the open reading frame of
MET6 and STR3. Furthermore, the precursor homoserine was recognised as a
possible bottleneck in the biosynthesis of methionine.
In chapter 4, the native sequence encoding the S. cerevisiae aspartate kinase
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(Hom3p) was mutated to remove its feedback inhibition by threonine. The
mutation drastically increased the amounts of homoserine inside and outside the
cells and induced the accumulation of cysteine in the growth medium, but failed
to increase methionine titres. In order to investigate additional bottlenecks in
the pathway, two bacterial O-acetylhomoserine sulfhydrylases (OAH-SHLases)
with reduced feedback inhibition by methionine were expressed in homoserine
accumulating strains. The expression of one of the OAH-SHLases, RsMetZ, did
not increase methionine titres but caused the accumulation of large amounts of
cystathionine, which is a precursor for the biosynthesis of cysteine. However, the
co-expression of RsMetZ and the gene encoding the cysteine synthase, CYS3, did
not elevate the amount of cysteine.
Finally, in chapter 5, three methionine storage proteins from plant seeds were
overexpressed in S. cerevisiae, but only the 10-kDa δ-zein was able to be detected.
However, the expression of 10-kDa δ-zein in methionine overproducing strains did
not differ from the wild-type.
In summary, this work achieved to rewire central sulphur metabolism and
increase the accumulation of sulphur amino acids in S. cerevisiae. These results
represent first steps towards engineering yeast as a sulphur rich food and animal
feed additive.
Lay summary
Methionine and cysteine are two essential and sulphur containing amino acids,
that most bacteria, fungi and plants can synthesise, but all animals need to take
up through their diet. Methionine plays a major role in animal farming, where
it is routinely added to animal feeds to promote the growth of young piglets
and poultry. However, almost all methionine is produced by chemical synthesis,
which relies on non-renewable resources and toxic chemicals. It is therefore highly
desirable to develop a new sustainable production method.
One possible method is to produce methionine in microorganisms such as
baker’s yeast. Baker’s yeast is a safe organism that is already being used in
the production of food or being added to animal feeds. Baker’s yeast produce
methionine naturally, albeit the amounts are kept low. Since baker’s yeast can
be more easily genetically manipulated than plants, increasing the amount of
methionine by genetic engineering could generate nutritionally valuable yeasts
that could be added directly to animal feeds instead of chemically produced
methionine.
This work approaches the challenges for the production of methionine in
baker’s yeast in several different ways. Genetic changes aimed at abolishing the
tight regulation of methionine on several levels. Enzymes from bacteria were
introduced to increase the efficiency of a key reaction. Furthermore, the possibility
to produce another essential amino acid in baker’s yeast, cysteine, was explored.
Finally, a methionine rich storage protein from maize was produced in baker’s
yeast in order to increase the total methionine content.
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Of the naturally occuring 20 proteinogenic amino acids, only two carry a sulphur
atom: methionine and cysteine (Figure 1.1). Methionine and cysteine can have
two enantiomeric conformations (L- and D-), but cells synthesise and use only
the L-forms. Most plants, fungi and bacteria can synthesise methionine from
carbohydrates, nitrogen, and sulphur sources such as sugars, ammonium, and
sulphate, whereas animals rely on externally provided sources of sulphur amino
acids in the form of other plant or animal protein. While high amounts of
methionine are found in many albumins, especially egg albumins, cysteine is found
mainly in structural proteins such as keratin or collagen due to its ability to form
stabilising disulphide bonds. Both amino acids and their derivatives have been
used in various industries, including in food supplements (Henchion et al., 2017),
animal feed additives (Jankowski et al., 2014), pharmaceuticals (Oz et al., 2008;
Kurihara et al., 2007), and cosmetics (Humphries et al., 1972).
Figure 1.1: Chemical structure, formula, and molecular weight of L-
methionine and L-cysteine.
Protein-energy malnutrition is still a major global concern, especially in rural
areas of developing countries (Muller, 2005). The low amounts of lysine and
methionine in cereal and legume crops severely limit their nutritional value as
human food and animal feeds, and several approaches aimed at increasing the
1
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lysine and methionine content of food and animal feed crops (Galili et al., 2005;
Galili and Höfgen, 2002; Galili and Amir, 2013).
However, the majority of methionine and cysteine is currently produced by
chemical synthesis (Willke, 2014) or extraction of natural sources such as human
hair or feathers in the case of cysteine (Wada and Takagi, 2006). Those processes
use fossil resources and produce toxic side products (Lussling et al., 1981; Sano
and Mitsugi, 1978), which renders developing a process for the production of
sulphur amino acids from microbial fermentation highly desirable.
In this chapter, the following will be discussed: the industrial importance
and current applications of sulphur amino acids; the biosynthesis of methionine
and cysteine in Saccharomyces cerevisiae; the biotechnological production of
sulphur amino acids and their derivatives; metabolic engineering approaches in S.
cerevisiae; the application of the Design of Experiments (DOE) methodology for
biotechnological applications.
1.1 Importance and applications of methionine
and cysteine
The global production of amino acids is expected to grow between 2017 and
2022 with the annual growth rate of amino acids used as feed additives of 6.9%.
DL-methionine represents the third largest share of the market with an annual
production of 1.1 million tonnes per year (Wendisch, 2019) and a much smaller
share of the market uses L-methionine for food and pharmaceutical applications,
which is produced through enzymatic conversion (Hummel et al., 2007).
About 3000 tonnes of L-cysteine are produced annually (Wendisch, 2019),
with uses in the pharmaceutical, food, and cosmetic industries as preventive
medicine for pulmonary diseases (Millea, 2009), as a dough conditioner (Lambert
and Kokini, 2001), in nail care (Iorizzo et al., 2007), and as a hair perm agent
(Humphries et al., 1972).
1.1.1 Applications of methionine in animal feeds
Most of the chemically synthesised DL-methionine is added to animal feeds to
improve animal growth and immune system; especially, young piglets and poultry
require a methionine rich diet (Jankowski et al., 2014). However, state regulations
limit or prohibit the use of DL-methionine in organic animal farming (Willke,
2014). Adding large amounts of plant protein to aquaculture feeds can depress
nutrient uptake and digestion (Tan et al., 2013; Hua et al., 2015). Similarly,
the insufficient nutritional value of plant protein as an aquaculture feed can
be partially overcome by the addition of methionine (Oliva-Teles, 2012), thus
reducing the use of fish meal, which is produced from mostly food-grade catch
(Cashion et al., 2017).
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Several studies have investigated the influence of the methionine form on the
utilisation of the amino acid in animals. Since D-methionine needs to be racemised
into L-methionine by a D-amino acid oxidase and L-specific transaminase prior
to protein biosynthesis (Koga et al., 2017), L-methionine has a 25% higher
nutritional potency. Nevertheless, Sveier et al. (2001) showed that supplementing
D-methionine to a soya concentrate based diet increased the growth of Atlantic
salmon (Salmon salar L.) more than the addition of L-methionine. Niu et al.
(2018) increased the bioavailability of methionine in white shrimp (Litopenaeus
vannamei) by supplementing the feed with a commercial methionine dimer (Met-
Met) instead of DL-methionine. Similarly, Tan et al. (2018) were able to replace
fish meal partially with vegetable protein by adding methionine to the diet
of juvenile red swamp crayfish (Procambarus clarkii) and thereby avoiding the
growth depressing effects of plant protein.
1.2 Conventional processes for the production
of methionine and cysteine
1.2.1 Chemical synthesis and enzymatic production of L-
methionine
DL-methionine is chemically synthesised from methyl mercaptan, acrolein, and
hydrogen cyanide (Lussling et al., 1981). The process is the major contributor
to DL-methionine production and has been used for 50 years by Evonik Degussa,
Germany, but uses fossil resources and produces toxic intermediates and waste
(Willke, 2014).
An industrially common process for the production of pharmaceutical and
food grade L-methionine involves the acetylation of DL-methionine in a first step.
The resulting N -acetyl DL-methionine racemic mixture is subsequently treated by
a membrane immobilised L-amino acylase to yield L-methionine in a continuous
process (Wöltinger et al., 2005).
Other approaches enzymatically synthesise L-methionine from O-acetylhomoserine
and methanethiol using a O-acetylhomoserine sulfhydrylase (OAH-SHLase, Fig-
ure 1.5) (Kim et al., 2011; Hong et al., 2017).
1.2.2 Extraction of L-cysteine and bioconversion of DL-2-
amino-∆2-thiazoline-4-carboxylic Acid
L-cysteine can be obtained through extraction from human hair and animal
feathers. During the process keratin, which is highly abundant in those sources, is
treated with activated charcoal and hydrochloric acid. However, the process has
major drawbacks, such as hydrochloric-acid containing waste liquid, unpleasant
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odours and possible contamination with animal toxins (Wada and Takagi, 2006;
Takagi and Ohtsu, 2016).
Another industrial process utilises the bioconversion of DL-2-amino-∆2-
thiazoline-4-carboxylic Acid (DL-ATC). The enzymatic conversion of DL-ATC
is performed in a continuous manner in three steps: (i) racemisation of D-ATC
to L-ATC; (ii) opening of the L-ATC ring to yield N -carbamoyl-L-cysteine (L-
NCC) as an intermediate; (iii) hydrolysing L-NCC to form L-cysteine (Sano and
Mitsugi, 1978; Ryu et al., 1997).
1.3 Methionine and cysteine biosynthesis in S.
cerevisiae
Figure 1.2: Superpathway of methionine and cysteine biosynthesis in S.
cerevisiae. Names of genes encoding enzymes catalysing reactions in italic. Green
arrows indicate pathway steps that are catalysed by enzymes under transcriptional
control of Met4p and/or are induced under methionine restricted conditions. Inhi-
bitions of enzymes (purple) are indicated by dotted lines. Unless otherwise stated
(red), all enzymes are localised to the cytosol. OAH-SHLase: O-acetylhomoserine
sulfhydrylase.
S. cerevisiae is rich in protein and as a generally recognised as safe (GRAS)
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organism, it has a long history as a food additive (Anupama and Ravindra,
2000; Bekatorou et al., 2006). The metabolism of sulphur amino acids in S.
cerevisiae has been reviewed extensively before (Thomas and Surdin-Kerjan, 1997;
Ljungdahl and Daignan-Fornier, 2012).
In general, the biosynthesis of methionine and cysteine can be separated into
three separate but connected parts (Figure 1.2): (i) the sulphur assimilation
pathway (Figure 1.3), (ii) the synthesis and acetylation of homoserine (Figure
1.4), and (iii) the synthesis of methionine or cysteine (via cystathionine) from
homocysteine (Figure 1.7 & 1.8). The three parts as well as the transcriptional
regulation of the pathway are discussed in more detail below.
1.3.1 Sulphur assimilation
In order to utilise inorganic sulphur for amino acid biosynthesis, the sulphur
atom in sulphate (SO4
2– ), oxidation state +6, needs to be reduced to form
sulphide, which has an oxidation state of -2 (Figure 1.3). Extracellular sulphate is
transported by two high-affinity transporters, Sul1p or Sul2p, across the plasma
membrane into the cytosol (Cherest et al., 1997).
Sulphate is then activated in two steps, using two molecules of ATP in
the process: The transfer of an adenosyl-phosphoryl moiety from ATP to sul-
phate to yield adenylyl-sulphate (APS), which is then phosphorylated, generating
phosphoadenylyl-sulphate (PAPS). The first step is catalysed by the S. cerevisiae
ATP sulphurylase, encoded by MET3, which is formed from six subunits arranged
in two rings (Gierest et al., 1985; Ullrich et al., 2001). The subsequent phosphory-
lation and formation of PAPS is catalysed by the adenylylsulphate kinase, Met14p
(Masselot and de Robichon-Szulmajster, 1975).
Figure 1.3: Sulphur assimilation in S. cerevisiae.
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Finally, the activated sulphate is reduced to sulphide in two reactions,
oxidising one molecule of thioredoxin and three molecules of NADPH in the
process. The PAPS reductase, encoded by MET16, catalyses the formation of
sulphite (SO3
2– ) with a reduced thioredoxin as a co-substrate (Schwenn et al.,
1988; Thomas et al., 1990). Sulphite reduction to yield sulphide (S2– ) is catalysed
by the S. cerevisiae sulphite reductase and oxidises three molecules of NADPH
during the reaction. The sulphite reductase consists of 4 subunits that are
arranged in an α2β2 oligomeric structure with the subunits being encoded by
MET10 (α) and MET5 (β) (Mountain et al., 1991; Hansen et al., 1994). The
siroheme needed for an active sulphite reductase is synthesised by Met1p & Met8p
(Hansen et al., 1997).
S. cerevisiae is also able to grow on thiosulphate (S2O3
2– ) as a sole sulphur
source. The utilisation pathway involves the import of thiosulphate by Sul1p or
Sul2p and the subsequent conversion of thiosulphate into sulphite and sulphide
by one of two endogenous rhodanese like enzymes, Rdl1p or Rdl2p (Chen et al.,
2018). Yeast growing on thiosulphate (instead of sulphate) as a sulphur source
accumulated more NADPH and exhibited elevated ethanol production rates
(Funahashi et al., 2015).
1.3.2 Homoserine and O-acetylhomoserine biosynthesis
Homoserine is synthesised in S. cerevisiae in three steps from aspartic acid
(Figure 1.4). The S. cerevisiae aspartate kinase, encoded by HOM3, consumes a
single ATP molecule to phosphorylate aspartic acid and yield 4-phospho-aspartate
(Rafalski and Falco, 1988). The next reaction, catalysed by Hom2p, converts 4-
phospho-aspartate to aspartate β-semialdehyde, which in turn is converted to
homoserine by Hom6p (Thomas and Surdin-Kerjan, 1989; Yumoto et al., 1991).
The aspartate β-semialdehyde dehydrogenase (Hom2p) as well as the homoserine
dehydrogenase (Hom6p) oxidise each a single molecule of NADPH during the
reaction.
Homoserine is the substrate for two separate intracellular reactions: Ho-
moserine kinase (Thr1p) catalyses the first step in threonine biosynthesis and
homoserine-O-acetyltransferase (Met2p) catalyses the acetylation of homoser-
ine using acetyl-CoA as a co-substrate (Mannhaupt et al., 1990; Masselot and
de Robichon-Szulmajster, 1975).
1.3.3 Sulfhydrylation
Sulfhydrylation describes in S. cerevisiae the replacement of the homoserine side
chain hydroxyl group with a thiol group after homoserine has been activated
through acetylation (Figure 1.5). O-acetylhomoserine sulfhydrylases (OAH-
SHLases, EC 4.2.99.10) are pyridoxal 5’-phosphate (PLP) dependent enzymes
catalysing the sulfhydrylation in various bacteria and fungi (Yamagata, 1989).
S. cerevisiae uses exclusively O-acetylhomoserine as a substrate to synthesise
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Figure 1.4: Homoserine and O-acetylhomoserine biosynthesis in S. cere-
visiae.
either homocysteine from sulphide (by Met17p) or cystathionine from cysteine
(by Str2p) (Masselot and de Robichon-Szulmajster, 1975; Yamagata et al., 1994;
Hansen and Johannesen, 2000).
Figure 1.5: Suflhydrylation reactions.
Bacteria use a variety of substrates for sulfhydrylation and subsequent me-
thionine biosynthesis (Figure 1.6) (Ferla and Patrick, 2014). Similar to yeast,
both Corynebacterium glutamicum and Pseudomonas aeruginosa synthesise me-
thionine through direct sulfhydrylation of activated homoserine. But unlike S.
cerevisiae and C. glutamicum, which utilise O-acetylhomoserine as a substrate,
the P. aeruginosa O-succinylhomoserine sulfhydrylase (OSH-SHLase) is specific
CHAPTER 1. Introduction 8
for O-succinylhomoserine (Hwang et al., 2002; Foglino et al., 1995). Escherichia
coli synthesises O-acetylserine, one carbon atom fewer than O-acetylhomoserine,
which is in turn used as a substrate with sulphide for the biosynthesis of cys-
teine by the E. coli O-acetylserine sulfhydrylase (OAS-SHLase) (Rabeh and Cook,
2004).
Figure 1.6: Suflhydrylation in different organisms.
Met17p has both OAH-SHLase as well as OAS-SHLase activity (Yamagata,
1981) and some S. cerevisiae strains have a detectable activity of a serine O-
acetyltransferase (SATase), but their role in vivo is thought to be minimal,
indicating that cysteine biosynthesis occurs exclusively through homocysteine and
the transsulphuration pathway (Takagi et al., 2003).
1.3.4 Biosynthesis of methionine and S-adenosyl methio-
nine through the methyl cycle
Methionine is synthesised from homocysteine and the methyl donor 5-
methyltetrahydrofolate in a single step, which is catalysed by the S. cerevisiae
cobalamin-independent methionine synthase, encoded by MET6 (Masselot and
de Robichon-Szulmajster, 1975; Suliman et al., 2005). Tetrahydrofolate is recy-
cled to form 5-methylhydrofolate by a serine hydroxymethyltransferase, Shm2p
(Saint-Marc et al., 2015). S. cerevisiae encodes two methylenetetrahydrofolate
reductases (MTHFR), MET12 & MET13, which catalyse the reduction to 5-
methyltetrahydrofolate, but only Met13p is active in vivo (Raymond et al., 1999).
S-adenosylmethionine (SAM) is the main methyl donor in the transmethy-
lation of proteins, nucleic acids, polysaccharides, phospholipids, and fatty acids
(Tabor and Tabor, 1984). In S. cerevisiae, SAM synthesis from methionine is
catalysed by two SAM synthetases, which are encoded by one of two paralogue
genes (SAM1 and SAM2 ) that arose from a whole genome duplication and are reg-
ulated by two different trancriptional mechanisms (Cherest et al., 1978; Thomas
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Figure 1.7: Methyl cycle in S. cerevisiae.
and Surdin-Kerjan, 1991; Kodaki et al., 2003). The possible clinical applications
of SAM in treating depression or liver disease (Williams et al., 2005; Anstee and
Day, 2012) sparked huge interest in S. cerevisiae as a production platform. Espe-
cially, the expression an ethionine resistance gene (ERC1 ) (Shiomi and Fukuda,
1990; Shiomi et al., 1995), the overexpression of MET6 and SAM2 (Cao et al.,
2012; Chen, Wang, Wang, Dou and Zhou, 2016), the deletion of ADO1, encod-
ing an adenosine kinase (Kanai et al., 2013; Oomuro et al., 2018), and increased
ATP levels when using ethanol as a carbon source (Hayakawa et al., 2016, 2018)
increased the SAM productivity significantly. More recently, a new approach for
SAM production introduced genes encoding enzymes converting D-methionine
to L-methionine intracellularly and fed DL-methionine to achieve the effective
production of SAM (Liu, Tang, Shi, Lian, Huang, Cai and Xu, 2019).
After SAM donated a methyl group, S-adenosylhomocysteine (SAH) is formed.
SAH is then converted to homocysteine by the SAH hydrolase (Sah1p), thus
closing the methyl cycle (Tehlivets et al., 2004; Malanovic et al., 2008). SAH1 is
essential for effective growth under aerobic conditions, since SAH accumulation
is toxic to yeast (Christopher et al., 2002; Giaever et al., 2002).
1.3.5 Biosynthesis of cysteine from homocysteine through
the transsulphuration pathway
S. cerevisiae synthesises cysteine exclusively through the transsulphuration path-
way (Cherest et al., 1993). The first enzyme, the cystathionine β-synthase Cys4p,
catalyses the reaction of homocysteine and serine to yield cystathionine, which
subsequently is converted to cysteine by the cystathionine γ-lyase, Cys3p (Ono
et al., 1994; Cherest and Surdin-Kerjan, 1992; Ono et al., 1992). Disruption of
either CYS4 or CYS3 confers a cysteine auxotrophy in S. cerevisiae (Figure 1.8).
Cysteine is the substrate in the first step of glutathione biosynthesis (by
Gsh1p) to yield γ-glutamylcysteine, which is converted to glutathionine by Gsh2p
(Kistler et al., 1990; Ohtake and Yabuuchi, 1991; Inoue et al., 1998). Glutathione
is one of the most abundant thiol compounds in S. cerevisiae, playing an important
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Figure 1.8: Transsulphuration pathway in S. cerevisiae.
role in resistance to oxidative stress and maintenance of redox homeostasis.
Glutathione has clinical applications and glutathione overproducing yeast strains
were shown to be more resistant to toxic compounds in pretreated lignocellulosic
materials (Forman et al., 2009; Ask et al., 2013).
The reverse transsulphuration pathway, synthesising homocysteine from cys-
teine is also present in S. cerevisiae, although the enzymes are less well described.
Strains with a disrupted STR2 lack cystathionine γ-synthase activity and are
unable to utilise cysteine as a sulphur source, indicating the synthesis of cys-
tathionine from cysteine by Str2p (Cherest and Surdin-Kerjan, 1992; Hansen
and Johannesen, 2000). The strong homology to Met17p suggests that Str2p
is a sulfhydrylase using O-acetylhomoserine as a co-substrate (Hansen and Jo-
hannesen, 2000; Ljungdahl and Daignan-Fornier, 2012). Cystathionine is then
converted into homocysteine by the cystathionine β-lyase Str3p (Cherest and
Surdin-Kerjan, 1992; Ljungdahl and Daignan-Fornier, 2012).
1.4 Regulation of sulphur amino acid biosynthe-
sis in S. cerevisiae
1.4.1 Transcriptional regulation
Transcription of most genes involved in S. cerevisiae sulphur amino acid
metabolism requires the transcriptional activator Met4p (Lee et al., 2010). Met4p
alone does not possess any DNA binding capability, it rather interacts with DNA-
binding co-factors Met31p, Met32p, Cbf1p and the stabilising co-factor Met28p
to form an active trancriptional complex (Blaiseau and Thomas, 1998). Met4p
activity is repressed under high sulphur conditions by the Skp1p/Cdcd53p/F-box
protein Met30p (SCFMet30) (Kaiser et al., 2000; Rouillon et al., 2000; Kuras et al.,
2002; Flick et al., 2004; Menant et al., 2006; Ouni et al., 2010). Notably, ubiquiti-
nation of Met4p by SCFMet30 does not induce its degradation, but Met4p-SCFMet30
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associated cofactors Cbf1p & Met31p or Met32p are poly-ubiquitinated and tar-
geted for degradation in the proteasome (Figure 1.9), thus repressing Met4p ac-
tivity (Kaiser et al., 2000; Flick et al., 2004; Ouni et al., 2010). Under limited
intracellular levels of sulphur amino acids or heavy metal stress, Met4p and its
co-factors are not ubiquitinated, inducing Met4p mediated transcription. Active
Met4p causes the transcription of genes involved in sulphur assimilation, sulphur
amino acid biosynthesis, and induction of cell cycle arrest in response to heavy
metal stress (Kuras et al., 2002; Kaiser et al., 2006; Ouni et al., 2011). The lethal-
ity of Met4p hyperactivation in met30 ∆ strains can be overcome by the deletion
of MET32 (Patton et al., 2000; Su et al., 2005).
Figure 1.9: Regulation of the transcriptional activator Met4p. Active Met4p
and its DNA binding co-factors Cbf1p and Met31p or Met32p induce transcription
under low sulphur or heavy metal stress. Under high sulphur conditions, Met4p and
its co-factors are poly-ubiquitinated by SCFMet30, which inactivates the transcriptional
complex. Cbf1p & Met31/32p are poly-ubiquitinated either before or after they
dissociate from Met4p and are targeted for degradation to the proteasome, while
dormant pools of poly-ubiquitinated Met4p are retained. Figure adapted from Ouni
et al. (2011). Ub: Ubiquitin.
Several studies investigated the targets of Met4p mediated transcriptional
activation (Figure 1.2, green arrows). Lee et al. (2010) identified a core regulon
of 45 genes, that are targeted by Met4p and repressed in met31 ∆/met32 ∆
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strains. While Met31p and Met32p are redundant for growth under methionine
restriction, Met32p activates a larger share of transcripts, with met30 ∆/met32 ∆
strains having decreased expression of sulphur assimilation genes compared to the
wild-type or met30 ∆/met31 ∆ strains (Carrillo et al., 2012). Of the homoserine
biosynthesis genes, only HOM3 and HOM6 were shown to be regulated by Met4p
(Carrillo et al., 2012), but high-throughput studies found HOM2 & HOM3 to be
under General Amino Acid Control (GAAC)/Gcn4p control (Natarajan et al.,
2001) and to be upregulated under methionine restricted conditions (Zou et al.,
2017).
1.4.2 Inhibition of biosynthetic enzymes
While the most important regulation of sulphur amino acid biosynthesis occurs
on the transcriptional level, several key enzymes are inhibited by downstream
products in the pathway.
Homoserine biosynthesis is tightly regulated by a feedback inhibition of the
aspartate kinase Hom3p by threonine (Ramos et al., 1991). Intracellular amounts
of homoserine need to be controlled, since homoserine itself, possibly through
misincorporation into proteins, as well as the precursor aspartate β-semialdehyde
are growth inhibitory (Arevalo-Rodriguez et al., 2004; Kingsbury and McCusker,
2010). Interaction of Hom3p with the prolyl-isomerase FKBP12 (FK506 binding
protein) is needed for the inhibition of the aspartate kinase by threonine and
mutations in Hom3p that reduce the feedback inhibition of the enzyme likely
influence the binding of FKBP12 to Hom3p (Alarcón and Heitman, 1997; Arevalo-
Rodriguez et al., 2004; Velasco et al., 2005). Strains expressing feedback resistant
Hom3p accumulate greatly increased levels of homoserine and have been applied
for the production of threonine, of which homoserine is a precursor, in S. cerevisiae
(Farfán et al., 1999; Farfán and Calderón, 2000; Velasco et al., 2005).
The S. cerevisiae OAH-SHLase (Met17p) is strongly inhibited by methion-
ine and somewhat less by homoserine (Yamagata, 1971). Other OAH-SHLases
with reduced feedback inhibition, such as the Leptospira meyeri OAH-SHLase
or a mutated OAH-SHLase from Rhodobacter sphaeroides, were described pre-
viously and give rise to the possibility of producing methionine directly from
O-acetylhomoserine and methanethiol (Belfaiza et al., 1998; Kim et al., 2011).
The homoserine O-acetyltransferase (Met2p) is inhibited by high levels (10 - 40
mM) of O-acetylhomoserine and lower levels of homocysteine, but not methionine
(Yamagata, 1987). Forlani et al. (1991) reported a post-transcriptional inhibition
of highly transcribed MET2 resulting in low production of the protein, although
the underlying mechanism remained unclear.
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1.5 Transport of sulphur amino acids and their
precursors across the plasma membrane in
S. cerevisiae
Yeast cells measure extracellular amounts of amino acids via the Ssy1p, Ptr3p,
Ssy5p (SPS) transmembrane complex and induce the transcription of amino
acid uptake genes in response to low levels of amino acids (Ljungdahl, 2009).
Several broad spectrum amino acid permeases, many regulated by the SPS sensor
pathway, have also a substrate specificity for methionine and cysteine: Gap1p,
Agp1p, Agp3p, Bap2p, Bap3p & Gnp1p (Regenberg et al., 1999; Ljungdahl and
Daignan-Fornier, 2012).
Methionine uptake also occurs through two dedicated methionine permeases,
Mup1p & Mup3p, which form a distinct class of amino acid permeases (Isnard
et al., 1996). The two permeases have different affinities for methionine, with
the high affinity permease, Mup1p, also transporting cysteine across the plasma
membrane (Kosugi et al., 2001). In constrast to broad specificity permeases
regulated by the SPS sensor pathway regulated, methionine uptake via Mup1p and
Mup3p is diminished in high extracellular methionine concentrations by repressing
the expression of MUP1 and MUP3 as well as inducing the ubiquitin-mediated
degradation of Mup1p (Menant et al., 2006).
A high-affinity cysteine permease, Yct1p, is the major contributor to cysteine
uptake at low extracellular concentrations. It belongs to the Dal5p family of
transporters and its transcription is repressed by sulphur compounds in a Met4p
mediated way (Kaur and Bachhawat, 2007).
Unlike in enteric bacteria, S. cerevisiae is able to take up SAM. The transport
is mediated by a high-affinity transporter, Sam3p, and a yet unidentified low
affinity transporter. A structurally similar protein, Mmp1, cannot import SAM,
but S-methylmethionine instead (Rouillon et al., 1999).
Aqr1p is a plasma membrane protein belonging to the major facilitator
superfamily (MFS) transporter family and confers resistance to short-chain
monocarboxylic acids and quinidine (Tenreiro et al., 2002). Intriguingly, it is also
to date the only described exporter of excess amino acids from the cytosol. Velasco
et al. (2004) showed that Aqr1p is responsible for the secretion of threonine and
homoserine in S. cerevisiae strains overproducing either amino acid, as well as
alanine, aspartic acid and glutamic acid, which are highly abundant in the cytosol
(Mülleder et al., 2016). AQR1 has a paralogue, QDR1, that arose from whole
genome duplication and is involved in quinidine resistance (Nunes et al., 2001).
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1.6 Production of L-methionine and L-cysteine
by fermentation
Production of amino acids by fermentation has a long history and many amino
acids are being produced industrially by fermentation. The current status
and outlook of amino acid production generally and methionine and cysteine
production specifically has been review extensively (Willke, 2014; Kinoshita, 2017;
Wendisch, 2019), and the following section focuses on the parts that are relevant
for this work.
1.6.1 Production of L-methionine by fermentation
Metabolic engineering efforts for the production of methionine by fermentation
focused mainly on E. coli and C. glutamicum. Metabolic pathway analysis of
both organisms predicted the maximum theoretical carbon yields to be 52% (E.
coli) and 49.3% (C. glutamicum), respectively (Krömer et al., 2006).
L-methionine production in E. coli
Nakamori et al. (1999) increased methionine production by mutating the E. coli
repressor MetJ to derepress the expression of methionine biosynthetic genes.
Bestel-Corre et al. (2014) mutated two other enzymes, the homoserine O-
succinyltransferase MetA and the SAM synthetase MetK, in order to increase the
availability of the precursor O-succinylhomoserine by diminishing the feedback
inhibition of MetA and decrease methionine consumption by reducing MetK
activity. Furthermore, yjeH was identified as a novel methionine exporter that
increased methionine accumulation in the medium when being overexpressed (Liu
et al., 2015).
Huang, Liu, Jin, Tang, Shen, Yin and Zheng (2017) combined the approaches
described above, while also deleting genes of competing threonine and lysine
biosynthesis pathways as well as methionine importer, to reach methionine titres
of 9.75 g/l. The company Metabolic Explorer filed a patent (Dischert and Figge,
2013) for an E. coli strain reaching a methionine yield of 0.24 (g/g glucose) and a
titre of 35 g/l, which is the highest methionine titre reported to date (Metabolic
Explorer reported a methionine yield of 0.29 g/g and a methionine titre of 63
g/l, which is the solubility limit of methionine, at the Metabolic Engineering 12
conference in 2018).
L-methionine production in C. glutamicum
Metabolic engineering approaches for increased methionine production in C.
glutamicum resembled the strategies chosen for E. coli. Several studies deleted the
gene encoding the competing threonine biosynthesis pathway. Additionally, either
one or a combination of the following approaches were taken: (i) overexpression of
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a feedback resistant homoserine dehydrogenase (homm), (ii) deletion of the gene
encoding the repressor (mcbR) of the methionine biosynthesis gene cluster, (iii)
overexpression of the gene cluster (brnF & brnE ) encoding the methionine export
complex, (iv) overexpression of a feedback resistant aspartate kinase (lysCm), and
(v) deletion of the gene (metD) encoding the methionine uptake system (Park
et al., 2007; Qin et al., 2015; Li et al., 2016). The most successful approach by Li
et al. (2016) reached a titre of 6.85 g/l methionine by removing methionine uptake,
reducing the feedback inhibition of enzymes by end-products, down-regulating
competing pathways, and increasing the supply of precursors and NADPH.
L-methionine production in S. cerevisiae
Yeasts were not explored extensively as a host for the production of methionine.
Brigidi et al. (1988) subjected a Saccharomyces uvarum strain to chemical
mutagenesis and then isolated mutants that exhibited resistance to DL-ethionine,
which is toxic and structurally similar to methionine. The best S. uvarum
methionine producer was merged with an S. cerevisiae strain via protoplast fusion,
and some of the resulting hybrids were able to accumulate up to 21 mg/l of
methionine in the medium (which is lower than the 33 mg/l reached by the parent
S. uvarum strain).
Similarly, Martinez-Force and Benitez (1992) continuously cultured a S. cere-
visiae strain in a chemostat with increasing concentrations of DL-ethionine. One
of the mutants the authors isolated had an intracellular methionine concentration
of 32.6 mM (compared to 0.2 mM in the wild-type), but amino acid concentrations
in the growth medium were not measured.
1.6.2 Production of L-cysteine by fermentation
The biosynthesis pathway of cysteine is closely related to the biosynthesis of
methionine in E. coli and C. glutamicum (Takagi and Ohtsu, 2016).
Several recent studies successfully applied a variety of metabolic engineering
strategies to improve cysteine titres in C. glutamicum: (i) overexpression of a
mutated SATase (cysE ) with reduced feedback inhibition, (ii) overexpression of
the native OAS-SHLase (cysK ), (iii) overexpression of cysR, the gene encoding
the C. glutamicum transcription factor regulating the expression of sulphur
metabolism genes, (iv) decreasing cysteine degradation by deleting the gene
encoding the native cysteine dehydrogenase, (v) expression of a cysteine exporter,
(vi) identifying and deleting the gene encoding the C. glutamicum importer of
cystine (the oxidised cysteine dimer), and (vii) increasing the supply of serine
(Joo et al., 2017; Kondoh and Hirasawa, 2019; Wei, Wang, Xu, Zhou, Ju, Liu and
Ma, 2019). The highest titre was reached by Wei, Wang, Xu, Zhou, Ju, Liu and
Ma (2019), who produced 1 g/l cysteine with thiosulphate as a sulphur source.
Similar metabolic engineering approaches were utilised in other organisms to
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reach higher titres. Takumi et al. (2017) reached a titre of 2.2 g/l cysteine in
Pantoea ananatis and Liu et al. (2018) produced 5.1 g/l cysteine in E. coli.
1.7 Improving the nutritional value of feedstock
crops by expressing methionine storage pro-
teins
Levels of free methionine in Arabidopsis thaliana (Kim et al., 2002) and potato
(Di et al., 2003) leaves as well as tobacco plants (Hacham et al., 2006) were
increased by overexpressing the Arabidopsis cystathionine γ-synthase (AtCGS)
or its variant resistant to feedback inhibition by methionine. Co-expressing a
bacterial feedback-insensitive aspartate kinase and a feedback-insensitive AtCGS
in tobacco plants increased the free methionine levels 173-fold compared to
wild-type plants (Hacham et al., 2008). Similar to approaches in bacteria,
down-regulating the expression of the threonine synthase, which competes with
methionine biosynthesis for the precursor O-phosphohomoserine, increased the
soluble amounts of methionine in potato leaves (Zeh et al., 2001) and Arabidopsis
plants (Bartlem et al., 2000; Avraham and Amir, 2005).
Other studies aimed at increasing the total amount of methionine by express-
ing a transgenic methionine storage protein. A common strategy involved the
expression of 2S storage albumins. Expression of the Brazil nut 2S albumin suc-
cessfully elevated the total methionine content in canola (Altenbach et al., 1992),
tobacco (Altenbach et al., 1989), and Vicia narbonensis (Saalbach et al., 1995).
Other 2S albumins expressed were the sesame 2S albumin in rice plants (Lee
et al., 2003) and the sunflower 2S albumin in lupin plants (Molvig et al., 1997).
However, many 2S albumins are allergens and, with the Brazil nut 2S albumin
being a particularly potent allergen, their application in plant fortification might
not be suitable (Bansal et al., 2007; Moreno and Clemente, 2008).
Zeins, a class of insoluble maize storage proteins (Lawton, 2002), have been
utilised previously to improve plant nutritional values through transgenic gene
expression. Several research groups expressed either β-zeins, γ-zeins and/or δ-
zeins in a variety of plants such as tobacco, alfalfa, lotus, and soybean seeds
(Bagga et al., 1995, 1997; Bellucci et al., 2002; Dinkins et al., 2001). However,
the elevated levels of methionine in storage protein expressing plants can be at the
expense of other sulphur containing proteins and therefore not increase the total
sulphur amino acid content (Molvig et al., 1997; Tabe and Droux, 2002; Hagan
et al., 2003; Chiaiese et al., 2004).
Overexpressing the feedback insensitive AtCGS elevated the expression of
β-zein in alfalfa, but not tobacco (Bagga et al., 2005; Golan et al., 2005),
demonstrating the influence plant post-transcriptional regulation can have on the
expression of a plant protein. Furthermore, the expression of feedback insensitive
AtCGS can cause oxidative stress (Matityahu et al., 2013). Similarly, the co-
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expression of feedback insensitive AtCGS and β-zein in potato increased the
total methionine content, but resulted in severe growth retardation and reduced
anthocyanin content, thus not improving the nutritional value (Dancs et al., 2008).
1.8 Metabolic engineering and synthetic biology
approaches in S. cerevisiae
In general, metabolic engineering describes the field of producing proteins or
chemicals in microbial cell factories by altering existing metabolic pathways
and/or introducing new enzymes and pathways (Bailey, 1991).
Defining the field of Synthetic Biology is particularly challenging, since it
draws from many diverse disciplines such as molecular biology, genetic engineer-
ing, systems biology as well as electrical engineering. Broadly, it can be defined as
the science of engineering biological systems with the aim of creating novel (”un-
natural”) products or applications (Endy, 2005; Serrano, 2007; Calvert, 2010).
Metabolic engineering and synthetic biology are closely related fields and
sometimes not distinguishable from each other. In the following section, mainly
metabolic engineering challenges and approaches as well as related synthetic
biology applications in S. cerevisiae are discussed.
1.8.1 Metabolic engineering challenges in S. cerevisiae
The so called ”bow-tie structure” of metabolism describes the character of cellular
metabolism to convert a large number carbon, nitrogen and energy resources into a
small set of central metabolites, which are involved in the synthesis of most cellular
components and natural products (Csete and Doyle, 2004; Kitano, 2004). In
yeast, the synthesis of metabolic enzymes is regulated by a highly interconnected
transcriptional regulatory network where transcription factors regulate each other
in a circular fashion, thus complicating the redirection of flux (Österlund et al.,
2015).
Rewiring central metabolism for the effective production of either natural
products or products traditionally produced by chemical synthesis from fossil fuels
poses a variety of challenges (Yu et al., 2019). Several approaches are discussed
below.
1.8.2 Design-Build-Test-Learn cycle
Given the complexity of and the frequent lack of knowledge about biological
systems, a very common approach in metabolic engineering is the Design-
Build-Test-Learn (DBTL) cycle. As described by Nielsen and Keasling (2016),
DBTL involves four steps: (i) designing of a metabolic pathway and its genetic
components for the production of a desired molecule; (ii) building the biological
system from DNA parts and a microbial chassis; (iii) testing of the biological
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system for the production of the desired molecule and other relevant phenotypes
using various omics approaches; and (iv) learning from the gathered data to inform
decisions in the design, build and/or test phase in the next iteration of the cycle.
Design
Current pathway design often suffers from a lack of standardisation and descrip-
tive data of metabolic enzymes in common databases, therefore heavily relying
on the experimental expertise of the researcher when introducing a heterologous
pathways. Furthermore, the network nature of central metabolism complicates
the prediction of phenotypes. Recently, genome scale models (GEM) were devel-
oped and refined to aid the design of novel metabolic pathways in S. cerevisiae
and other organisms (OBrien et al., 2015; Sánchez et al., 2017).
Efficient design calls for the availability of a broad range well-characterised
genetic parts. Most efforts in S. cerevisiae focused on describing promoter and
terminator sequences to tune gene-expression or tags to influence the localisation
of proteins (Lee et al., 2015; Reider Apel et al., 2017; Morse et al., 2017). However,
the parts were characterised mainly in standard genetic backgrounds, using a
single carbon source, and at a single timepoint, making it harder to predict the
output of genetic circuits.
Build
Costs for the large-scale synthesis of DNA and building of metabolic pathways
have fallen drastically in recent years and the establishment of biofoundries
worldwide is set to accelerate this process (Kosuri and Church, 2014; Hillson
et al., 2019).
The establishment of a yeast Modular Cloning (MoClo) toolkit (Lee et al.,
2015) allowed the rapid protoyping of metabolic pathways in S. cerevisiae
(Rajakumar et al., 2018) and the assembly of gRNA arrays (McCarty et al.,
2019) with relative ease.
The advent of CRISPR (see section 1.8.3 for more about CRISPR applications
in yeast metabolic engineering) enabled the effective engineering of the S.
cerevisiae genome in a multiplexed way. Several studies utilised the high efficiency
of homologous recombination in yeast to assemble metabolic pathways in vivo and
integrate them into several genomic sites (Horwitz et al., 2015; Jakočiunas et al.,
2015). Combining CRISPR/Cas9 genome engineering with automation enabled
Si et al. (2017) to generate strains with overexpression or knockdown mutations
covering more than 90% of the yeast genome. Remarkably, even in diploid or
triploid industrial strains multiple genes can be knocked out with high efficiency
using CRISPR/Cas9 (Lian et al., 2018).
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Test
Testing the constructed strains involves the analysis of growth characteristics,
protein and metabolite levels as well as the amounts of the desired product.
High throughput transcriptomics, proteomics and metabolomics assays allow to
describe strains on a global level (Regenberg et al., 2006; Redding-Johanson
et al., 2011; Boer et al., 2010). Unfortunately, these methods are costly and
time-consuming, enabling only a small subset of strains to be tested.
Several strategies have been applied to limit the number of strains to be tested
or increase the screening throughput. Chen, Zhu and Liu (2016) split the 10
genes encoding the biosynthesis of fumarate into three modules, with each module
consisting of 3-4 biosynthesis genes. The authors then tuned the expression and
localisation of the modules to significantly increase fumarate titres in S. cerevisiae.
Adaptive Laboratory Evolution (ALE) designs couple the formation of a desired
product to cell growth. During ALE, strains are grown for many generations under
a selective pressure (e. g. high/low temperature, pH or limitation of a nutrient)
and fast-growing strains are isolated and sequenced. ALE has been applied to
engineer thermotolerant yeast strains (Caspeta et al., 2014) and increase the
production of free fatty acids in S. cerevisiae (Yu et al., 2018). Genetic analyisis
of evolved strains enabled the identification of the mutations responsible for the
phenotype. Leavitt et al. (2017) combined ALE with a fluorescent biosensor to
isolate aromatic amino acid overproducers and increase the production of muconic
acid in S. cerevisiae using flow cytometry.
Learn
The learning step relied in the past mostly on nonsystematic approaches. Com-
parisons with literature data and the experience of the experimenter informed
the decisions in the next round of DTBL. Recently, more rigorous statistical ap-
proaches have been applied to gain more valuable insights from experimental data.
Nevertheless, the growing ability to gather large datasets using genomics, tran-
scriptomics, proteomics and metabolomics and the deposition of those datasets
into databases leads to the application of machine learning for dealing with large
datasets (Presnell and Alper, 2019).
The application of principal component analysis (PCA) on proteomics data
enabled the identification of pathway enzymes that needed an adjustment in their
expression level to improve the production of terpenes in E. coli (Alonso-Gutierrez
et al., 2015). Costello and Martin (2018) used large proteomics and metabolomics
datasets to train a machine-learning algorithm and predict pathway dynamics
and guide metabolic engineering decisions. In S. cerevisiae, small subsets of a
combinatorial library encoding heterologous pathways have been characterised to
build a linear regression model (Lee et al., 2013) or a machine-learning algorithm
of an artificial neural network (Zhou et al., 2018).
In addition, Design of Experiments (DOE) approaches have been successfully
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applied in the past as well (Xu et al., 2017; Brown et al., 2018). The DOE
methodology as a whole is discussed in section 1.9.
1.8.3 Use of CRISPR technology for metabolic engineer-
ing
Since the first description of bacterial Clustered regularly interspaced short
palindromic repeats (CRISPR) and CRISPR-associated (Cas) immune systems
and its capability for targeted DNA cleavage (Jinek et al., 2012), it initiated a
plethora of applications in gene therapy (Karimian et al., 2019), crop engineering
(Bao et al., 2019), synthetic biology (Scheller and Fussenegger, 2019), and beyond
(Wu et al., 2019; Pickar-Oliver and Gersbach, 2019).
The applications of CRISPR tools for metabolic engineering and synthetic
biology have been reviewed recently (Mitsui et al., 2019; Liu, Zhang and Nielsen,
2019) as well as approaches for the rewiring of cellular metabolism (Nielsen and
Keasling, 2016; Yu et al., 2019). The following discussion will focus on CRISPR
applications for metabolic engineering in S. cerevisiae (for non-conventional
yeasts, see the review by Cai et al. (2019)), which are important in the context
of this work.
Since S. cerevisiae possesses a highly efficient system for repairing double
stranded breaks (DSB) by homologous recombination (HR), CRISPR induced
DSB can be utilised for efficient gene editing (Storici et al., 2003). The advantage
of CRISPR/Cas9 compared classical HR is the absence of a selection marker and
the high efficiency when targeting several loci. The first successful application
of CRISPR/Cas9 has been demonstrated by DiCarlo et al. (2013) and since
then a variety of different approaches demonstrated efficient knock-outs of several
genes in haploid and diploid strains (Ryan et al., 2014; Jakočiūnas et al., 2015;
Lian et al., 2018). Similarly, several studies exploited the yeast HR ability to
assemble and integrate single or multi-gene cassettes into one or several different
loci (Horwitz et al., 2015; Jakočiunas et al., 2015; Reider Apel et al., 2017). Shi
et al. (2016) integrated up to 18 copies of large DNA fragments (up to 24 kbp)
encoding the xylose utilisation pathway in the Ty retrotransposon δ sites with
high efficiency using CRISPR/Cas9.
Cpf1 is a CRISPR RNA guided DNA nuclease analogous to Cas9. Cpf1 has
unique features that might be advantageous for gene editing: the protospacer
adjacent motif (PAM) is TTTN, which enables the targeting of AT rich regions,
and the RNaseIII activity of Cpf1 can be used to process precrRNA arrays for
multiplexed genome editing (Zetsche et al., 2015). CRISPR/Cpf1 mediated gene
disruptions have also been achieved in S. cerevisiae (Lian et al., 2017; Verwaal
et al., 2018).
Cas9 can be turned catalytically inactive by introducing two point mutations
in the catalytic domains, but, crucially, dead Cas9 (dCas9) still retains its gRNA
mediated DNA binding capability. This feature has been used to down- or
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up-regulate genes in a targeted manner (as opposed to a deletion or promoter
swap). Down-regulation via CRISPR interference (CRISPRi) was achieved by
either targeting dCas9 to the promoter sequence, blocking transcription, or fusing
dCas9 to a transcription repression domain such as Mxi1. CRISPR activation
(CRISPRa) is mediated by fusing dCas9 to transcription activation domains such
as VP64 or VPR, that recruit transcription factors and/or RNA pol II (Gilbert
et al., 2013; Farzadfard et al., 2013; Zalatan et al., 2015). Ni et al. (2019)
successfully applied CRISPRi to down-regulate competing pathways in order to
increase β-amyrin production in S. cerevisiae.
1.9 Design of Experiments for metabolic engi-
neering
Typically, processes are optimised one-factor-at-a-time (OFAT), where only one
factor is changed while all other factors remain constant. However, OFAT is
unable to discern the effects of factor interactions and can lead the experimenter
to find quasi optimal conditions instead of the actual optimal conditions of the
system (Figure 1.10 A). OFAT is especially vulnerable to misleading conclusions
when optimising biological systems, that very often involve many different and
highly interdependent factors (Österlund et al., 2015).
Design of Experiments (DOE) is a multifactorial statistical methodology that
applies to both the design as well as the analysis of experiments for process
optimisation. In DOE, several factors (e. g. media components, temperature or
expression of a gene) are varied at the same time and the system responses (e.
g. product titres or growth rates) are measured (Figure 1.10 B). Several common
screening designs such as Plackett-Burman (Plackett and Burman, 1946), Box-
Behnken (Box and Behnken, 1960), or constrained optimal designs (Lee, 1988;
de Aguiar et al., 1995) aim to reduce the variance of estimates with a minimal
number of experiments performed. The availability of DOE software such as
JMP (JMP and Proust, 2018) simplified the process of designing experiments and
visualising the analysis of the gathered data. DOE has been applied successfully
in bioprocess engineering (Mandenius and Brundin, 2008; Kumar et al., 2014),
but only the recent advances in DNA synthesis and assembly made it possible to
use DOE for the optimisation of metabolic pathways.
The growth media and expression levels of genes involved in the 6-
aminocaproic acid pathway were co-optimised in E. coli using DOE. The authors
insulated the transcriptional units to avoid transcriptional readthrough that could
affect more than one gene when changing promoter strengths. They concluded
that optimising the gene expression levels first would have lead them to a different
and suboptimal combination of promoter strengths (Zhou et al., 2015). When op-
timising expression levels of biosynthetic enzymes, an extensive characterisation
of promoter strengths and the transformation of discrete gene expression levels
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Figure 1.10: Design of Experiments. (A) The left figure shows how a true
optimum can be missed in an OFAT approach. Keeping factor X2 constant, several
experiments are performed, before factor X1 is kept constant and, starting from the
optimum, more experiments are performed. Since there is an interaction between X1
and X2, the true optimum is never reached. By simultaneously changing both factors
and analysing the results using DOE software, the direction of the true optimum can
be discerned. Every black dot represents a single experiment/measurement, darker
shades represent more optimal conditions. The figure is adapted from Mandenius and
Brundin (2008). (B) A central composite design in a case with three factors. Every
red dot represents a single combination of factor levels. The lowest (-1), centre (0)
and highest levels of each factor are represented on the corresponding axis.
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into logarithmic variables (linlog transformation) proved to be essential for a suc-
cessful application of DOE (Xu et al., 2017). Young et al. (2018) used a DOE
guided iterative approach to improve the production of itaconic acid in S. cere-
visiae by first comparing alternative pathways to the product before optimising
the expression levels in the pathway and overcoming bottlenecks. Another DOE
approach was used to screen a subset of a combinatorial deletion library alcohol
dehydrogenase isozymes in different fermentation conditions. The model was able
to describe known behaviour and novel interactions of the alcohol dehydrogenase
isozymes (Brown et al., 2018).
The establishment of standardisation and deposition of well characterised
genetic parts, the automation of modular cloning and application of DOE
methodology enables streamlining the DTBL cycle. Several recent studies
demonstrated the efficient application of automated pipelines for the construction
and optimisation of synthetic metabolic pathways the production of chemicals in
microbial cell factories (Rajakumar et al., 2018; Carbonell et al., 2018; Exley
et al., 2019).
1.10 Aim and scope of this thesis
L-methionine is a sulphur containing amino acid essential for all animals that
is routinely added to animal feeds to increase growth (Willke, 2014). The
fermentative production of L-methionine was achieved with high titres in C.
glutamicum and E. coli (Li et al., 2016; Huang, Liu, Jin, Tang, Shen, Yin
and Zheng, 2017; Dischert and Figge, 2013), while the attempts to overproduce
methionine in yeast were limited (Brigidi et al., 1988). Similarly, intensive
research was conducted into improving the methionine content of common crop
plants by changing plant metabolism and overexpress methionine storage proteins
(Galili et al., 2005; Galili and Amir, 2013; Wang et al., 2017). S. cerevisiae,
a generally recognised as safe (GRAS) organism, has the potential to be an
affordable animal feed that can be added directly to animal feeds.
The aim of this thesis is to engineer S. cerevisiae to overproduce methionine
and increase the total sulphur amino acid content by overexpressing a methionine
storage protein. The work mainly focuses on (i) identifying key factors in the
pathway by applying a DOE approach, (ii) increasing sulphur amino acid supply
by removing pathway bottlenecks, and (iii) overexpressing methionine storage
proteins in engineered strains.
In chapter 3, a DOE approach is chosen to identify key factors influencing
the production of methionine in S. cerevisiae. The gathered data is used to
build a linear regression model, which subsequently informs the construction of a
methionine overproducing strain.
In chapter 4, the supply of a methionine precursor, homoserine, is increased
by rendering the key enzyme in the pathway, aspartate kinase, feedback insensi-
tive. The resulting strain is compared to the wild-type and previously constructed
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strain for methionine production. Furthermore, two OAH-SHLases from different
organisms are expressed to increase the supply of homocysteine and it is inves-
tigated, whether S. cerevisiae can be used as production platform for another
sulphur amino acid, cysteine.
Finally, three different methionine storage proteins are expressed in chapter
5. A truncated 10 kDa δ-zein from maize is expressed in the wild-type and
two methionine overproducing strains. The truncated and full 10 kDa δ-zein are




2.1.1 S. cerevisiae growth
All OD600 measurements were performed using a WPA biowave CO8000 cell den-
sity meter, unless otherwise stated. All media were autoclaved prior to use.
YPD: 10 g/l yeast extract, 20 g/l peptone, 20 g/l D-glucose
SC-URA + 2 % D-Glc: 6.9 g/l yeast nitrogen base (Sigma Y0626), 0.77
g/l CSM-URA (Formedium DCS0169), 20 g/l D-glucose
SC-LEU + 2 % D-Glc: 6.9 g/l yeast nitrogen base (Sigma Y0626), 0.77 g/l
CSM-LEU (Formedium DCS0091), 20 g/l D-glucose
SC-HIS + 2 % D-Glc: 6.9 g/l yeast nitrogen base (Sigma Y0626), 0.77 g/l
CSM-HIS (Formedium DCS0071), 20 g/l D-glucose
SC-MET + 2 % D-Glc: 6.9 g/l yeast nitrogen base (Sigma Y0626), 0.77
g/l CSM-MET (Formedium DCS0111), 20 g/l D-glucose
SC-MET + 4 % D-Glc: 6.9 g/l yeast nitrogen base (Sigma Y0626), 0.77
g/l CSM-MET (Formedium DCS0111), 40 g/l D-glucose
SC-MET-URA + 2 % D-Glc: 6.9 g/l yeast nitrogen base (Sigma Y0626),
0.77 g/l CSM-MET-URA (Formedium DCS0651), 20 g/l D-glucose
SC-MET-URA + 4 % D-Gal: 6.9 g/l yeast nitrogen base (Sigma Y0626),
0.77 g/l CSM-MET-URA (Formedium DCS0651), 40 g/l D-galactose
SC-URA + 2 % D-Gal: 6.9 g/l yeast nitrogen base (Sigma Y0626), 0.77
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g/l CSM-URA (Formedium DCS0169), 20 g/l D-galactose
YPD agar: 10 g/l yeast extract, 20 g/l peptone, 20 g/l D-glucose (Fisher Scien-
tific, G/0500/60), 20 g/l agar (Oxoid LP0011)
SC-URA + 2 % D-Glc agar: 6.9 g/l yeast nitrogen base (Sigma Y0626),
0.77 g/l CSM-URA (Formedium DCS0169), 20 g/l D-glucose (Fisher Scientific,
G/0500/60), 20 g/l agar (Oxoid LP0011)
2.1.2 E. coli growth
All OD600 measurements were performed using a WPA biowave CO8000 cell den-
sity meter, unless otherwise stated. All media were autoclaved prior to use.
LB: 10 g/l tryptone, 5 g/l yeast extract, 10 g/l NaCl
LB agar: 10 g/l tryptone, 5 g/l yeast extract, 10 g/l NaCl. 20 g/l agar
2.1.3 Antibiotics
Ampicillin: stock concentration was 100 mg/ml in dH2O; working concentration
was 100 µg/ml
Chloramphenicol: stock concentration was 40 mg/ml in 100 % ethanol; work-
ing concentration was 40 µg/ml
Spectinomycin: stock concentration was 100 mg/ml in dH2O; working con-
centration was 100 µg/ml
2.1.4 Molecular Biology
TSS buffer: 5 g PEG 8000 (Sigma 1546605), 0.3 g MgCl2*H2O, 2.5 ml Dimethyl
sulfoxide (DMSO), add LB up to 50 mL.
E.Z.N.A. Plasmid Mini Kit I, (Q-spin): purchased from Omega Bio-Tek
OneTaq: OneTaq Quick-Load 2X Master Mix with Standard Buffer was pur-
chased from NEB
Q5: 5X Q5 Reaction Buffer, 2 mM dNTPs and 2 U/µl Q5 High-Fidelity DNA
Polymerase were purchased from NEB
Restriction enzymes: all were purchased from NEB
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Agarose: purchased from Invitrogen
TAE (1X): 40 mM Tris, 20 mM acetate, 1 mM EDTA
Zymoclean - Gel DNA Recovery Kit: purchased from Zymoresearch
10X T4 DNA ligase buffer: purchased from NEB (B0202S)
T7 DNA ligase: purchased from NEB (M0318)
2.1.5 S. cerevisiae transformation
Salmon sperm DNA (10 mg/ml): purchased from Invitrogen (15632-011)
Lithium acetate (1 M): 5.101 g Lithium acetate dihydrate (Sigma 213195)
dissolved in 50 ml dH2O
PEG 3350, 50 % (w/v): 50 g PEG 3350 (Sigma 88276) dissolved in 100
ml dH2O.
2.1.6 S. cerevisisae genomic DNA extraction
Chelex 100: purchased from Sigma
Acid washed glass beads: purchased from Sigma
2.1.7 GC-MS
GC/MS Free (Physiological) Amino Acid Analysis Kit: purchased from
Phenomenex Inc. (KG0-7166)
D/L-Ethionine: purchased from Alfa Aesar (A1315406)
L-cysteine: purchased from Sigma Aldrich (30089-25G)
L-homoserine: purchased from Sigma Aldrich (H6515-250MG)
L-homocysteine: purchased from Sigma Aldrich (69453-50MG)
2.1.8 S. cerevisiae cell lysis
YeastBuster Protein extraction reagent: purchased from Merck (71186-3,
including 100X THP solution)
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Acid washed glass beads: 425-600 µm purchased from Sigma (G8772)
2.1.9 Microplate assays
All microplate assays were performed in a Tecan Sunrise plate reader.
96-well plates: purchased from Costar (3628)
Tape: electrical insulation tape, 12mm x 20m, RS Components 504-2380
2.2 Methods
2.2.1 Storage of E. coli and S. cerevisiae strains
For long term storage, E. coli and S. cerevisiae strains were stored at -80 ◦C in
25 % (v/v) glycerol. For short term storage, strains were kept on agar plates at
4 ◦C.
To prepare E. coli glycerol stocks, 5 ml LB containing the appropriate antibiotic
was inoculated with the desired E. coli strain and grown overnight at 37 ◦C
(shaking at 200 rpm). The overnight culture was diluted 1:10 into 5 ml LB
containing the appropriate antibiotic and grown for 3 hr as above. To prepare S.
cerevisiae glycerol stocks, 5 ml YPD was inoculated with the desired S. cerevisiae
strain and grown overnight at 30 ◦C (shaking at 200 rpm). The overnight culture
was diluted 1:10 into 5 ml YPD and grown for 4 hr as above. 750 µl of culture
was mixed with 750 µl of 50 % (v/v) glycerol and stored -80 ◦C.
2.2.2 Preparation of chemically competent cells
Chemically competent E. coli cells were prepared using the TSS buffer method.
5 ml of LB was inoculated and grown overnight at 37 ◦C (200 rpm). 2.5 ml of
the overnight culture was used to inoculate 250 ml of LB in a shake flask and the
culture was grown until it reached OD600 of 0.4. Once the desired cell density was
reached, the culture was placed on ice for 30 min and then centrifuged at 4,000 x
g at 4 ◦C for 8 min. The pellet was resuspended in 20 ml ice-cold TSS buffer and
aliquots of 100 µl were snap frozen in liquid nitrogen and stored at -80 ◦C.
2.2.3 Plasmid preparation
5 ml of LB containing the appropriate antibiotic was inoculated with a colony of
E. coli containing the desired plasmid, and grown at 37 ◦C overnight (shaking at
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200 rpm). Plasmid extraction was performed using the E.Z.N.A. Plasmid Mini
Kit I according to manufacturers instructions, eluting in 50 µl dH2O.
2.2.4 Polymerase Chain Reaction (PCR)
PCR reactions to amplify homology arms for gene deletions/promoter insertions
or to amplify deleted/inserted regions for sequencing were performed using Q5
DNA Polymerase. The reaction mixture was 1X Q5 reaction buffer, 0.2 mM
dNTPs, 0.5 µM each primer, 50 ng BY4742 gDNA template and 1 U Q5 High-
Fidelity DNA Polymerase. The thermocycling programme was: 98 ◦C for 30 s;
35 cycles of 98 ◦C for 30 s, anneal for 30 s, extension at 72 ◦C (for 30 s/kbp); 72
◦C for 2 min; hold at 16 ◦C. The annealing temperature started at 65 ◦C, was
lowered by 1 ◦C each cycle for 10 cycles and remained at 55 ◦C for the remaining
25 cycles. The PCR products were purified by gel extraction.
2.2.5 Restriction digest
Restriction digests of plasmid minipreps were performed as follows. Mixed 43 µl
plasmid, 2 µl of the restriction enzyme (NEB) and 1X CutSmart buffer (BsaI
digest) or 1X NEBuffer 3.1 (BsmBI) in a final volume of 50 µl. The reaction was
incubated at 37 ◦C (BsaI) or 55 ◦C (BsmBI) for at least 1 hr and analysed by
agarose gel electrophoresis.
2.2.6 Agarose gel electrophoresis
Restriction digests or PCR reactions were mixed with 1X Gel Loading Dye, Purple
(NEB B7024S) and loaded onto an agarose-TAE gel. PCR reactions that used
OneTaq 2X Mastermix were loaded directly onto the gel. The percentage of
agarose was typically 1 % but was adjusted based on the expected size of the
bands. The gel was run at 100 V in 1X TAE buffer and imaged using a Gel Doc
XR+ Gel Documentation System (BioRad).
2.2.7 Agarose gel extraction
PCR reactions were run on agarose-TAE gels and purified using the Zymoclean
- Gel DNA Recovery Kit, according to the manufacturers instructions. Elution
was in 30 µl dH2O.
2.2.8 Sanger sequencing
Plasmids and linear PCR amplified DNA were sequenced by MRC PPU DNA
Sequencing and Services (University of Dundee) using the Sanger sequencing
method.
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2.2.9 Plasmid construction
Plasmids were constructed using the Golden Gate assembly method described for
the MoClo-Yeast-Toolkit (Lee et al., 2015).
The sequences of 10-kDa δ-zein, Ber e 1, and SFA8 were S. cerevisiae codon-
optimised and ordered from IDT. The 10-kDa δ-zein DNA template was PCR
amplified with the primer pairs oDS0394/395 (N-terminal tag) & oDS0402/408
(C-terminal tag), respectively, and cloned into pCPS1UHA (2µ, URA3 ) with
PGAL1 & TTDH1 as well as N- or C-terminal 3xFLAG-6xHIS-tags to generate the
plasmids pDS089 (N-terminal tag) & pDS090 (C-terminal tag). The Ber e 1 DNA
template was PCR amplified with the primer pairs oDS0396/397 (N-terminal tag)
& oDS0404/409 (C-terminal tag), respectively, and cloned into pCPS1UHA (2µ,
URA3 ) with PGAL1 & TTDH1 as well as N- or C-terminal 3xFLAG-6xHIS-tags
to generate the plasmids pDS091 (N-terminal tag) & pDS092 (C-terminal tag).
The SFA8 DNA template was PCR amplified with the primer pairs oDS0398/393
(N-terminal tag) & oDS0406/410 (C-terminal tag), respectively, and cloned into
pCPS1UHA (2µ, URA3 ) with PGAL1 & TTDH1 as well as N- or C-terminal
3xFLAG-6xHIS-tags to generate the plasmids pDS093 (N-terminal tag) & pDS094
(C-terminal tag).
The sequences of LmMetY and RsMetZ-M3 were S. cerevisiae codon-
optimised and ordered from IDT. LmMetY was PCR amplified with the primer
pair oDS0416/417 and RsMetZ-M3 was PCR amplified with the primer pair
oDS0418/419. Both were cloned into pCPS1UHA (2µ, URA3 ) with PCCW12
& TTDH1 to generate the plasmids pDS095 & pDS096. MET17 was PCR am-
plified from BY4742 gDNA with the primer pair oDS0422/423 and cloned into
pCPS1UHA (2µ, URA3 ) with PCCW12 & TTDH1 to generate pDS097.
The sequences of CYS3 and AQR1 were split into two parts in order to
remove internal BsaI recognition sites in the genomic sequence. CYS3 was
PCR amplified from BY4742 gDNA with the primer pairs oDS0431/432 &
oDS0433/434, respectively, and cloned into pCP12UHA (2µ, URA3 ) with PPGK1
& TENO2 to generate pDS098. AQR1 was PCR amplified from BY4742 gDNA
with the primer pairs oDS0435/436 & oDS0437/438, respectively, and cloned
into pCP23UHA (2µ, URA3 ) with PTEF1 & TPGK1 to generate pDS099. Two
multi-cassette plasmids were constructed by cloning pDS096 & pDS098 into
pMGSEUHS to generate pDS100 and cloning pDS096, pDS098 & pDS099 into
pMGSEUHS to generate pDS101, respectively.
For constructing plasmids carrying a sgRNA expression cassette, two comple-
mentary DNA oligos were designed. The forward oligo was 5’-GACTTT(N)20-3’
and the reverse oligo 5’-AAAC(N)20AA-3’, whereas N20 represented the proto-
spacer sequence and its reverse complementary sequence, respectively. The oligos
were phophorylated (100 nmol each, T4 polynucleotide kinase, NEB M0201S) in
a 10 µl reaction for 1 hr at 37 ◦C. Both reactions were mixed, 180 µl of ddH2O
added and 50 µl of the mixture were annealed in a thermocycler (96 ◦C for 6 min,
then decrease the temperature at a rate of 0.1 ◦C per minute until 23 ◦C was
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reached). Finally, 2 µl (20 fmol) of the annealed oligos were used for a Golden
Gate assembly (BsmBI) into pWS082b.
2.2.10 S. cerevisiae transformation
Yeast transformation was performed as follows. Cells were grown overnight in
YPD, diluted into the same media (5 ml per transformation) for an OD600 of
0.15, and grown until OD600 0.4-0.6 (≈ 4 hr). The culture was transferred to 50
ml Falcon tubes, pelleted (3000 RCF for 5 min), resuspended in the same volume
dH2O, pelleted again (3000 RCF for 2 min) and resuspended in 1/5th volume
dH2O. Cells were transferred to 1.5 ml microtubes (1 ml / tube), spun at 10,000
RCF for 1 min. Meanwhile, salmon sperm DNA was incubated at 100 ◦C for 5
min, briefly vortexed and stored on ice until later use. The pellet was resuspended
in 34 µl of DNA and 286 µl of transformation mix (10 µl 10 mg/ml salmon sperm
DNA, 36 µl 1 M lithium acetate and 240 µl 50 % PEG 3350) was added, and
cells were mixed by vortexing. Cells were incubated at 42 ◦C for 40 min, pelleted
(14,000 RCF, 1 min) and resuspended in 80 µl dH2O, and 80 µl was plated onto
appropriate selective media and incubated at 30 ◦C for ≈ 48 hr until colonies can
be seen.
2.2.11 Verification of S. cerevisiae strains
DNA of individual colonies from the transformation was extracted using the GC
prep method (Blount et al., 2016). An individual colony was picked from the
plate, patched on a YPD agar plate, resuspended in 100 µl 5 % Chelex 100,
and glass beads were added to approximately half sample volume. Cells were
vortexed at maximum speed for 4 min, incubated at 100 ◦C for 2 min, pelleted
(14,000 RCF, 1 min), and the supernatant (containing the DNA) was transferred
to a fresh tube.
The extracts were analysed by PCR using OneTaq polymerase and a touch-
down PCR programme. The forward primer was binding ≈550 bp upstream of
the genomic target (outside of the homology flank region) and the reverse primer
was binding either ≈100-150 bp downstream of the promoter region (for promoter
insertions) or ≈100-150 bp downstream of the gene (for deletions). The reaction
was set up as follows: 0.4 µl 1 µM each primer, 1 µl DNA extract, 10 µl OneTaq
Quick-Load 2X Master Mix with Green Buffer (NEB M0485), 8.6 µl dH2O. The
cycling programme was: 94 ◦C for 30 s; 10 cycles of 94 ◦C for 30 s, 60 C for 30 s
(decreasing by 1 ◦C per cycle), 68 ◦C for 1 min; 25 cycles of 94 ◦C for 30 s, 50 ◦C
for 45 s, 68 ◦C for 1 min; 68 ◦C for 5 min; hold at 16 ◦C. 10 µl of PCR reaction
was analysed by agarose gel electrophoresis.
Positive patched colonies were re-streaked on YPD plates and and single
colonies were verified as above. Positive re-streaked colonies were chosen for 5
ml overnight cultures in YPD for long-term storage at -80 ◦C.
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Additionally, for strains confirmed by PCR, the genomic regions containing
promoter insertions or gene deletions were confirmed by Sanger sequencing.
Genomic regions were amplified by PCR using Q5 (touch-down protocol as
described above) with primers ≈50-100 bp binding up- and downstream of the
homology flank region, respectively. The amplified linear DNA was sent out for
Sanger sequencing.
2.2.12 S. cerevisiae cell lysis for GC-MS analysis
The cell lysis solution consisted of YeastBuster with 1X THP and 100 µM D/L-
Ethionine (as an internal standard) added and was prepared freshly on the day.
1 ml of culture was pelleted (14,000 RCF, 1 min), the pellet resuspended in 100
µl of cell lysis solution and vortexed at maximum speed for 1 min. The mixture
was gently shaking at room temperature for 15 min, before being vortexed at
maximum speed for 1 min. The cell debris was pelleted (14,000 RCF, 1 min) and
the supernatant was transferred to a new microcentrifuge tube.
2.2.13 Amino acid extraction and derivatisation for GC-
MS analysis
Amino acids in the cell lysates were extracted and derivatised using the EZ:faast
GC/MS Free (Physiological) Amino Acid Analysis Kit (Phenomenex, KG0-7166)
according to the manufacturer’s instructions. The samples were resuspended
in 100 µl of Reagent 6 (iso-octane 80 %, chloroform 20 %, provided by the
manufacturer).
2.2.14 Gas chromatography-mass spectrometry (GC-MS)
analysis
Derivatised samples of amino acid extracts and amino acid calibration standards
were analysed using a Shimadzu GCMS-QP2010-SE machine. Injection volume
was 1 µl with a 1:10 split injection ratio. The column was a Phenomenex ZB-
AAA column (10 m x 0.25 mm). The GC parameters were as follows: constant
helium flow at 1.1 ml/min; injection at 300 ◦C; the oven was heated to initially
110 ◦C, then the temperature was increased to 320 ◦C at a rate of 30 ◦C / min,
then held at 320 ◦C for 1 min. Ionisation was by electron ionisation (EI), and
the MS parameters were: MS source at 240 ◦C, MS quad at 180 ◦C, scan range
45-450 m/z, acquisition rate of 3.5 scans/s.
Ion chromatograms and mass spectra were analysed and peak areas were cal-
culated using the OpenChrom 1.3.0 software. Amino acid standards provided by
the EZ:faast kit as well as bought in standards for D/L-ethionine, L-cysteine,
L-homocysteine and L-homoserine were run in concentrations of 5-400 µM to cre-
ate calibration curves for the quantification of samples. Peaks were identified by
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their major ions, retention time and comparison to a library provided by the kit
manufacturer. Peaks were integrated in the total ion chromatogramme (TIC),
unless the compounds were in low abundance in the sample. For methionine,
aspartic acid, serine, asparagine, cystathionine, cysteine and homocysteine, the
TIC was processed by subtracting all ions except the major ions of the compound
from the chromatogramme before integrating the peaks. The major ions for every
compound are listed in table 2.1.
Table 2.1: List of amino acids detected by GC-MS and its corresponding major ions
Compound Abbr. Major Ions (m/z)
α-Aminoadipic acid AAA 98, 244
α-Aminobutyric acid ABA 102, 144
allo-Isoleucine aILE 130, 172
Alanine ALA 88, 130
α-Aminopimelic acid APA 198, 258, 286
Asparagine ASN 113, 155
Aspartic acid ASP 130, 216
β-Aminobutyric acid βAIB 116, 130, 158
Cysteine CYS 162, 206, 248
Cystine C-C 216, 248
Cystathionine CTH 146, 203, 272
Ethionine ETH 143, 203, 291
Glutamine GLN 84, 112, 187
Glutamic acid GLU 142, 170, 230
Glycine GLY 116, 207
Glycil-proline GPR 117, 144, 201
Histidine HIS 136, 168, 282
Homocysteine HCYS 142
Homoserine HSER 102, 128, 143
Hydroxylysine HLY 129, 169
3-Hydroxyproline 3HYP 130, 172, 259
Isoleucine ILE 101, 130, 172
Leucine LEU 86, 130, 172
Lysine LYS 128, 153, 172
Methionine MET 101, 203, 277
Norvaline NOR 72, 116, 158
Ornithine ORN 70, 114, 156
Phenylalanine PHE 128, 147, 206
Proline-hydroxyproline PHP 114, 156, 186
Proline PRO 114, 156, 243
Continued on next page
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Table 2.1 – Continued from previous page
Compound Abbr. Major Ions (m/z)
Sarcosine SAR 130, 217
Serine SER 101, 146, 203
Threonine THR 101, 160
Thioproline TPR 147, 174
Tryptophan TRP 130
Tyrosine TYR 107, 164, 206
Valine VAL 98, 116, 158
2.2.15 Microplate assays
S. cerevisiae strains were grown overnight in 5 ml SC-MET + 2 % D-Glc and
diluted to OD600 0.2 in 100 µl SC-MET + 2 % D-Glc. Blanks contained only
100 µl SC-MET + 2 % D-Glc. A lid was placed on the plate and sealed
with tape, and OD595 was read on a Tecan Sunrise plate reader every 15 min
for 72 hr. Temperature was 30 ◦C, shaking mode was inside and shaking
intensity was normal. Data was exported into Microsoft Excel and analysed using
jupyterNotebook.
2.2.16 Ni-NTA purification
BY4742 carrying plasmids expressing methionine storage proteins (pDS089-94)
were grown overnight in SC-URA + 2% glucose and back-diluted into fresh
induction medium (OD600 0.2, 5 ml of SC-URA + 2% galactose) and grown for
24 h at 30 ◦C, shaking at 200 rpm. The whole culture was centrifuged (4 ◦C, 3000
RCF) and the supernatant discarded. The cell pellet was resuspended in 400 µl
YeastBuster (with added 1x THP and 1x cOmplete Protease Inhibitor Cocktail,
Roche) and vortexed at maximum speed for 1 min. The mixture was gently
shaking at room temperature for 15 min, before being vortexed at maximum speed
for 1 min. The cell debris was pelleted (14,000 RCF, 1 min) and the supernatant
(soluble fraction) was transferred to a new microcentrifuge tube. The cell debris
(insoluble fraction) was resupspended in 400 µl YeastBuster.
The Ni-NTA slurry was prepared as followed. Four different buffers were
prepared: Buffer A (10 mM Tris, pH 8.0, 100 mM NaCl, 25 mM imidazole), Buffer
B (10 mM Tris, pH 8.0, 100 mM NaCl, 250 mM imidazole), Buffer C (10 mM Tris,
pH 8.0, 100 mM NaCl, 25 mM imidazole, 8 M urea), Buffer D (10 mM Tris, pH
8.0, 100 mM NaCl, 250 mM imidazole, 8 M urea). The Ni Sepharose slurry (Ni
Sepharose 6 Fast Flow, GE Healthcare GE17-5318-06) bottle was stirred gently
before the slurry was transferred to a microcentrifuge tube (100 µl per sample).
The slurry was centrifuged at 500x g for 5 min, the supernatant discarded and
resuspended in 2.5x volumes of H2O. The wash is repeated twice with Buffer
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A (for the soluble fraction) or Buffer C (insoluble fraction) and the slurry was
resuspended in 2x volumes of Buffer A or C, respectively.
The purification step using the prepared Ni Sepharose slurry was performed as
followed. The soluble or insoluble fraction (400 µl each) were mixed with 100 µl
of prepared slurry (slurry washed in Buffer A for the soluble fraction and slurry
washed in Buffer C for the insoluble fraction) and incubated for 1 h at room
temperature under gentle shaking. Centrifuge the mixture (500 x g, 5 min) and
discard the supernatant. Add 500 µl of Buffer A or C, respectively, mix gently,
centrifuge (500 x g, 5 min) and collect the supernatant. Repeat wash twice and
resuspend the slurry in the elution buffer (Buffer B for soluble fraction and Buffer
D for insoluble fraction). Centrifuge the mixture (500 x g, 5 min) and transfer
the supernatant to a new microcentrifuge tube for analysis by Western Blot.
2.2.17 SDS-PAGE
Samples were mixed with the appropriate volume of 4x SDS loading buffer (200
mM Tris-Cl, pH 6.8; 400 mM DTT; 8% w/v SDS; 0.4% w/v bromophenol blue;
40% v/v glycerol) and boiled at 95 ◦C for 10 min. The samples were centrifuged
(14,000 RCF, 1 min) and loaded together with a protein marker (NEB, Color
Prestained Protein Standard, Broad Range, p7712) on a 415% Mini-PROTEAN
TGX Precast Protein Gel (Bio-Rad, #4561086). The gel was run at 100 V for 15
min and then at 120 V for 60 min. The gel was subsequently stained using the
InstantBlue stain (expedeon) or used for a Western blot.
2.2.18 Western Blot
After running an SDS-PAGE, the gel was transferred on a nitrocellulose mem-
brane using a Bio-Rad Trans-Blot SD Semi-Dry Transfer Cell according to the
manufacturer’s specifications. The transfer buffer was 48 mM Tris, 39 mM Glycin
in 20% MeOH, the transfer was performed at 10 V for 25 minutes. After the trans-
fer, the membrane was incubated at room temperature in blocking buffer (1x PBS,
0.1% v/v Tween-20, 5% w/v milk powder) for 45 minutes under gentle shaking.
The membrane was then transferred into a 50 ml falcon tube, 6 ml of blocking
buffer and 0.6 µl of primary antibody (α-His, Sigma Aldrich, H1029 and α-actin,
abcam, ab14128) were added, and the membrane was incubated under constant
rolling at room temperature for 2 h. Then, the buffer was discarded, 10 ml of
washing buffer (1x PBS, 0.1% v/v Tween-20) was added and incubated under
constant rolling at room temperature for 10 min. The wash was repeated twice.
The membrane was incubated as above with the secondary antibody (α-mouse
IgGPeroxidase, Sigma Aldrich, A9044) for 1 h under constant rolling at room
temperature. Finally, the membrane was washed three times as above.
The chemiluminescence reaction was performed with the WesternSure PRE-
MIUM Chemiluminescent Substrate (Li-Cor) and the image was acquired using a
CHAPTER 2. Materials and Methods 36
C-DiGit Chemiluminescent Western Blot Scanner (LiCor). Images were analysed
using the Image Studio Lite (Li-Cor) software.
2.3 Yeast strains
S. cerevisiae strains used and their genotypes are listed below in table 2.2.
Table 2.2: List of S. cerevisiae strains used and generated in this work.
Strain Genotype Notes
BY4742 MATα, his3∆1, leu2∆0, lys2∆0,
ura3∆0
wild-type strain
yDS059 BY4742, met30-∆0, met32-∆0 wild-type with MET30
& MET32 deleted
yDS085 BY4742, ADO1(-1 to
-155)∆::PRPL18B, sam1-∆0,
met30-∆0, met32-∆0
DoE designed strain #2
yDS093 BY4742, MET6(-1 to -50)∆::PRPL18B,
STR3(-1 to -252)∆::PRPL18B,
SAH1(-1 to -226)∆::PRPL18B,
ADO1(-1 to -155)∆::PTDH3, sam2-∆0
DoE designed strain #10
yDS100 BY4742, STR3(-1 to -252)∆::PTDH3,
ADO1(-1 to -155)∆::PRPL18B,
sam2-∆0, met30-∆0, met32-∆0
DoE designed strain #17
yDS107 BY4742, MET6(-1 to -50)∆::PTDH3,
STR3(-1 to -252)∆::PREV1, SAH1(-1
to -226)∆::PRPL18B, ADO1(-1 to
-155)∆::PRPL18B, sam1-∆0,
met30-∆0, met32-∆0
DoE designed strain #24
yDS110 BY4742, ADO1(-1 to -155)∆::PTDH3,
sam2-∆0
DoE designed strain #27
yDS111 BY4742, STR3(-1 to -252)∆::PREV1,
SAH1(-1 to -226)∆::PTDH3, ADO1(-1
to -155)∆::PTDH3, sam1-∆0,
met30-∆0, met32-∆0
DoE designed strain #28
yDS113 BY4742, MET6(-1 to -50)∆::PTDH3,
ADO1(-1 to -155)∆::PTDH3,
met30-∆0, met32-∆0
DoE designed strain #30
yDS114 BY4742, SAH1(-1 to -226)∆::PTDH3 DoE designed strain #31
yDS122 BY4742, MET6(-1 to -50)∆::PRPL18B,
SAH1(-1 to -226)∆::PRPL18B,
sam1-∆0
DoE designed strain #39
Continued on next page
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Strain Genotype Notes
yDS124 BY4742, STR3(-1 to -252)∆::PTDH3,
sam1-∆0
DoE designed strain #41
yDS130 BY4742, MET6(-1 to -50)∆::PRPL18B,
STR3(-1 to -252)∆::PTDH3, ADO1(-1
to -155)∆::PREV1, sam2-∆0
DoE designed strain #47
yDS133 BY4742, sam2-∆0, met30-∆0,
met32-∆0
wild-type with MET30,
MET32 & SAM2 deleted
yDS134 BY4742, HOM3(A846T) Threonine feedback inhi-
bition of native aspartate
kinase removed
yDS136 BY4742, MET6(-1 to -50)∆::PTDH3,
STR3(-1 to -252)∆::PTDH3, sam2-∆0,
met30-∆0, met32-∆0
Best L-met producer ac-
cording to DoE model
yDS138 BY4742, MET6(-1 to -50)∆::PTDH3,




with the aspartate ki-
nase inhibition removed
& THR1 deleted
yDS139 BY4742, MET6(-1 to -50)∆::PTDH3,






2.4 List of oligonucleotides
DNA oligonucleotides used are listed in table 2.3. All oligonucleotides were
ordered from Integrated DNA Technologies (IDT).
Table 2.3: List of DNA oligonucleotides used in this work.
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2.5 List of plasmids
All plasmids used are listed below in table 2.4.
Table 2.4: List of plasmids used and generated in this work.
Name Description Source
pCPS1UHA Empty yeast plasmid for Golden Gate re-




pCP12UHA Empty yeast plasmid for Golden Gate re-




pCP23UHA Empty yeast plasmid for Golden Gate re-




pMGSEUHS Empty yeast plasmid for Golden Gate re-
actions. URA3 -marker, 2µ yeast origin of








pWS158b CRISPR/Cas9 plasmid. URA3 -marker,
2µ yeast origin of replication, PPGK1-Cas9
M. Dale doctoral
thesis
pWS171b CRISPR/Cas9 plasmid. LEU2 -marker,
2µ yeast origin of replication, PPGK1-Cas9
M. Dale doctoral
thesis
pWS172b CRISPR/Cas9 plasmid. HIS3 -marker, 2µ
yeast origin of replication, PPGK1-Cas9
M. Dale doctoral
thesis
pDS010 sgRNA plasmid targeting MET6 This work
pDS030 sgRNA plasmid targeting ADO1 This work
pDS032 sgRNA plasmid targeting SAH1 This work
pDS033 sgRNA plasmid targeting SAM1 This work
pDS034 sgRNA plasmid targeting SAM2 This work
pDS035 sgRNA plasmid targeting MET30 This work
pDS036 sgRNA plasmid targeting MET32 This work
pDS055 sgRNA plasmid targeting STR3 This work
pDS061 sgRNA plasmid targeting HOM3 This work
pDS062 sgRNA plasmid targeting THR1 This work
pDS089 PGAL1-3xFLAG-6xHis-10kDaZein-TTDH1
cloned into pCPS1UHA, 2µ, URA3
This work
pDS090 PGAL1-10kDaZein-3xFLAG-6xHis-TTDH1
cloned into pCPS1UHA, 2µ, URA3
This work
Continued on next page
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Name Description Source
pDS091 PGAL1-3xFLAG-6xHis-Ber e 1 -TTDH1
cloned into pCPS1UHA, 2µ, URA3
This work
pDS092 PGAL1-Ber e 1 -3xFLAG-6xHis-TTDH1
cloned into pCPS1UHA, 2µ, URA3
This work
pDS093 PGAL1-3xFLAG-6xHis-SFA8 -TTDH1
cloned into pCPS1UHA, 2µ, URA3
This work
pDS094 PGAL1-SFA8 -3xFLAG-6xHis-TTDH1
cloned into pCPS1UHA, 2µ, URA3
This work
pDS095 PCCW12-LmMetY -TTDH1 cloned into
pCPS1UHA, 2µ, URA3
This work
pDS096 PCCW12-RsMetZ-M3 -TTDH1 cloned into
pCPS1UHA, 2µ, URA3
This work
pDS097 PCCW12-MET17 -TTDH1 cloned into
pCPS1UHA, 2µ, URA3
This work
pDS098 PPGK1-CYS3 -TENO2 cloned into
pCP12UHA, 2µ, URA3
This work
pDS099 PTEF1-AQR1 -TPGK1 cloned into
pCP23UHA, 2µ, URA3
This work
pDS100 PCCW12-RsMetZ-M3 -TTDH1 & PPGK1-
CYS3 -TENO2 cloned into pMGEUHS, 2µ,
URA3
This work
pDS101 PCCW12-RsMetZ-M3 -TTDH1, PPGK1-
CYS3 -TENO2 & PTEF1-AQR1 -TPGK1
cloned into pMGEUHS, 2µ, URA3
This work
pDS102 sgRNA plasmid targeting YCT1 This work
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Methionine biosynthesis in S. cerevisiae is tightly regulated. Methionine home-
ostasis is maintained by transcriptional control of enzymes involved in its biosyn-
thesis as well as feedback inhibition of these enzymes by either methionine or other
metabolites involved in amino acid biosynthesis. In the biosynthesis of methion-
ine (see also Figure 3.1), inorganic sulphur in the form of sulphate is transported
through the plasma membrane to the cytosol (by Sul1p or Sul2p) and subse-
quently reduced to sulphide (by Met3p, Met14p, Met16p and Met5p/Met10p),
before being transferred to O-acetylhomoserine by Met17p to generate homocys-
teine. Homocysteine is either converted to methionine by Met6p in the methyl
cycle or to cysteine via cystathionine in the transsulphuration pathway (by Cys4p
and Cys3p). Methionine is both a product of the pathway and a substrate for
the synthesis of methionyl-tRNA and S-adenosyl-methionine through the methyl
cycle (Thomas and Surdin-Kerjan, 1997; Ljungdahl and Daignan-Fornier, 2012).
The leucine-zipper transcriptional activator Met4p together with combinations
of the auxiliary factors Cbf1p, Met28p, Met31p and Met32p regulates the
transcriptional response to low levels of sulphur metabolites and heavy metal
stress. Restricted internal methionine as well as high levels of arsenic or cadmium
causes activation of Met4p, which in turn initiates the transcription of genes
involved in methionine biosynthesis or heavy metal stress response. Full activation
of Met4p induces transcription of all genes controlled by Met4p and triggers cell
cycle arrest. Met4p is fully activated in met30 ∆ strains, but Met32p mediated
lethality can be bypassed by deleting MET32 (Patton et al., 2000; Su et al.,
2008; Ouni et al., 2011). Nevertheless, full activation of Met4p leads to the
increased expression of enzymes producing methionine (e. g. Met6p), but also
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enzymes using methionine as a substrate (Sam1p & Sam2p) and enzymes using
homocysteine, a methionine precursor, as a substrate (Cys4p).
In order to elucidate the influence of individual genetic and environmental
factors and combinations of those on methionine titres, a Design of Experiments
(DOE) approach was chosen to minimise the number of experiments needed to
be performed. Traditional optimisation approaches often change a single factor
while the other factors remain constant. This approach, often called one-factor-
at-a-time (OFAT), can prove to be inefficient for understanding multi-factorial
biological systems with potentially non-linear interactions between several factors.
Statistical methods like DOE can help to avoid biases and reduce the use of
experimental resources. DOE was successfully applied previously for strain
engineering to increase violacein titres in E. coli (Xu et al., 2017) and ethanol
production in S. cerevisiae (Brown et al., 2018).
For the initial design of DOE strains, six genetic factors were chosen. The
expression of four genes (MET6, STR3, SAH1 & ADO1 ) was changed by inserting
a low, medium or high expressing constitutive promoter from the MoClo toolkit
(Lee et al., 2015) in front of the start codon. MET6 was overexpressed previously
to increase methionine levels in S-adenosyl-methionine (SAM) producing S.
cerevisiae strains (Chen, Wang, Wang, Dou and Zhou, 2016; Kanai, Mizunuma,
Fujii and Iefuji, 2017), while SAM levels were elevated in a S. cerevisiae strain
carrying an sah1-1 mutation that impairs the S-adenosyl-homocysteine activity
(Mizunuma et al., 2004). In another study, Kanai et al. (2013) overexpressed
SAH1 and deleted ADO1, which increased SAM levels. Finally, STR3 encodes a
cystathionine β-lyase that synthesises homocysteine from cystathionine.
The deletion of either SAM1 or SAM2 was chosen as the fifth genetic
factor and aimed to reduce the accumulation of SAM. A high-throughput
study identified sam1 and sam2 mutants as accumulating almost fourfold more
intracellular methionine than the BY4742 strain during exponential growth
(Mülleder et al., 2016). Nevertheless, deleting both genes is not desirable, because
sam1 /sam2 double mutants result in SAM auxotrophy (Cherest et al., 1978).
The final genetic factor involves the constitutive activation of Met4p by the
deletion of MET30 and MET32. While the constitutive activation of Met4p
eliminates the transcriptional repression of methionine biosynthetic genes by
methionine, it also induces the expression of genes encoding enzymes that use
methionine or methionine precursors as substrates (SAM1, SAM2 & CYS4 ).
JMP (SAS Institute) is a statistical software package that includes a DOE
application (JMP and Proust, 2018). A total of 48 strains containing different
combinations of genetic factors was designed using the JMP software and cloned
using CRISPR/Cas9 technology. Methionine production was quantified using gas
chromatography-mass spectrometry (GC-MS), before methionine levels were used
to create a linear regression model and determine the most important factors for
the production of methionine in S. cerevisiae. Growth curves were recorded using
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Figure 3.1: Methionine biosynthesis in S. cerevisiae and DOE targets.
Enzymes involved in the biosynthesis of methionine and other sulphur metabolites are
encoded by genes whose expression is controlled by the transcriptional activator Met4p
(green arrows). Deletion of MET30 and MET32 fully activated Met4p. Four genes
(MET6, STR3, SAH1 & ADO1, blue) were chosen for the insertion of constitutive
promoters in front of the coding sequence. Either SAM1 or SAM2 (red) were chosen
as targets for deletion in order to reduce S-adenosyl-methionine (SAM) accumulation.
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a microplate assay to investigate any detrimental effects of the strain engineering
on cell growth.
3.2 Design of strains for DOE analysis
The JMP software package was used for designing the strains to be tested.
Since the design included a mixture of continuous (infinite number of numerical
variables between two values) and categorical (finite number of non-numerical
categories) factors, the Custom Design function of JMP was used. Custom
Design uses a D-Optimal Design approach, where an iterative algorithm with
random starting points is used for finding optimal factor combinations (Meyer
and Nachtsheim, 1995). D-Optimal Design is most desirable in screening designs,
where the active factors are to be identified (JMP and Proust, 2018). It should
be noted that due to the nature of the D-Optimal Design approach, re-running
the Custom Design Function can lead to a different but equivalent set of factor
combinations.









MET6, STR3, SAH1 and ADO1 were defined as continuous factors where
factor levels corresponded to expression levels of the genes. Gene expression
levels in S. cerevisiae may vary depending on environmental factors, genotype
and growth phase (Lewis et al., 2014; Reider Apel et al., 2017), thus complicating
the choice of numerical values for the factors chosen. Considering the experimental
set-up (growth in SC-MET + 2% glucose) and the aim of the designed experiment,
it was assumed that the expression levels were comparable to those of a methionine
restricted environment. PREV1, PRPL18B and PTDH3 were not characterised in a
methionine restricted environment by Lee et al. (2015), but they had been shown
to have weak, medium and strong expression, respectively, when glucose was the
carbon source. The numerical values for each promoter (PREV1, PRPL18B, PTDH3 or
the native promoters PMET6, PSTR3, PSAH1 and PADO1) were based on the mRNA
normalised reads under methionine restriction from the dataset published by Zou
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et al. (2017) and are listed in Table 3.1. Using that dataset has limitations, since it
measured only the immediate transcriptional response to methionine starvation.
Nevertheless, defining the promoter strength as numerical factors (rather than
categorical) and assuming a methionine restricted environment enables the design
to contain a smaller number of strains tested and a better representation of relative
promoter strength.
The two other genetic factors were defined as categorical factors.
SAM1 /SAM2 had three factor levels corresponding to deletions influencing SAM
synthesis: wild-type (SAM1, SAM2 ); SAM1 KO (sam1 ∆, SAM2 ); SAM2 KO
(SAM1 /sam2 ∆). MET30 /MET32 had two factor levels corresponding to dele-
tions activating Met4p: wild-type (MET30 /MET32 ); KO (met30 ∆, me32 ∆).
All factors of the design, their role (continous or categorical) and factor levels
(numerical values for promoter insertions or category for deletions) are listed in
Table 3.2.
Table 3.2: Experimental factors and the associated levels of each chosen for
evaluation for their impact on methionine production
Factor Role Factor level
MET6 Continuous 84 7163
STR3 Continuous 84 7163
SAH1 Continuous 84 7163
ADO1 Continuous 84 7163
SAM1/SAM2 Categorical wild-type SAM1 KO SAM2 KO
MET30/MET32 Categorical wild-type KO
If every possible combination of low, medium, high or wild-type promoters in
front of MET6, STR3, SAH1 or ADO1 as well as wild-type or deleted versions
of SAM1, SAM2 and MET30 /MET32 were to be tested, the total number of
strains to be cloned would have been 1536 (4*4*4*4*3*2). The D-Optimal Design
approach allowed to optimise the use of experimental resources while gaining the
maximal amount of information about the influence of indiviual factors. The
number of strains to be cloned was reduced to 48 and all strains of the design are
listed in Table 3.3.
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Table 3.3: List of DOE generated strains
MET6 STR3 SAH1 ADO1 SAM1/SAM2 MET30/MET32 ID
PRPL18B PTDH3 PREV1 PRPL18B SAM2 KO KO yDS084
wt wt wt PRPL18B SAM1 KO KO yDS085
wt PRPL18B PRPL18B wt SAM2 KO KO yDS086
PREV1 PREV1 PREV1 PREV1 SAM1 KO KO yDS087
PRPL18B PREV1 wt wt SAM2 KO KO yDS088
wt PREV1 wt PRPL18B wt wt yDS089
PTDH3 PREV1 PRPL18B PTDH3 SAM2 KO wt yDS090
PTDH3 PRPL18B PRPL18B PRPL18B wt wt yDS091
wt PREV1 PREV1 PREV1 SAM2 KO wt yDS092
PRPL18B PRPL18B PRPL18B PTDH3 SAM2 KO wt yDS093
PTDH3 wt PRPL18B PREV1 SAM1 KO wt yDS094
PRPL18B PREV1 PTDH3 PRPL18B wt wt yDS095
PTDH3 PRPL18B PTDH3 wt SAM2 KO wt yDS096
PREV1 PTDH3 wt PTDH3 SAM2 KO KO yDS097
PREV1 PTDH3 PRPL18B wt SAM1 KO KO yDS098
PREV1 PRPL18B wt PREV1 wt wt yDS099
wt PTDH3 wt PRPL18B SAM2 KO KO yDS100
PTDH3 PTDH3 PTDH3 wt wt KO yDS101
PTDH3 PREV1 PREV1 PREV1 wt wt yDS102
PREV1 PRPL18B PTDH3 PRPL18B SAM1 KO KO yDS103
PRPL18B PRPL18B wt PRPL18B SAM1 KO wt yDS104
PRPL18B PTDH3 PTDH3 PREV1 SAM1 KO wt yDS105
PRPL18B PRPL18B wt PREV1 wt KO yDS106
PTDH3 PREV1 PRPL18B PRPL18B SAM1 KO KO yDS107
PREV1 wt PREV1 wt wt KO yDS108
PTDH3 PTDH3 PTDH3 PTDH3 SAM1 KO wt yDS109
wt wt wt PTDH3 SAM2 KO wt yDS110
wt PREV1 PTDH3 PTDH3 SAM1 KO KO yDS111
PREV1 PTDH3 PRPL18B PRPL18B wt wt yDS112
PTDH3 wt wt PTDH3 wt KO yDS113
wt wt PTDH3 wt wt wt yDS114
PRPL18B PREV1 PRPL18B PTDH3 SAM1 KO KO yDS115
wt PRPL18B PTDH3 PREV1 SAM1 KO wt yDS116
PTDH3 wt PREV1 PRPL18B SAM2 KO wt yDS117
wt PTDH3 PREV1 PREV1 wt KO yDS118
PREV1 wt PTDH3 PREV1 SAM2 KO KO yDS119
PREV1 PREV1 PREV1 wt SAM2 KO wt yDS120
wt PRPL18B PREV1 PTDH3 wt wt yDS121
PRPL18B wt PRPL18B wt SAM1 KO wt yDS122
PREV1 PRPL18B PREV1 PTDH3 SAM2 KO KO yDS123
wt PTDH3 wt wt SAM1 KO wt yDS124
PREV1 PREV1 PRPL18B PTDH3 wt KO yDS125
PRPL18B wt PTDH3 PTDH3 wt KO yDS126
PTDH3 PRPL18B PTDH3 PTDH3 SAM1 KO KO yDS127
PRPL18B PTDH3 PREV1 wt wt wt yDS128
PREV1 wt PTDH3 PTDH3 SAM1 KO wt yDS129
PRPL18B wt wt PREV1 SAM2 KO wt yDS130
PTDH3 PTDH3 PRPL18B PREV1 SAM2 KO KO yDS131
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3.3 Construction and growth characteristics of
DOE strains
The library of DOE strains was constructed from the haploid S. cerevisiae
strain BY4742. Using a CRISPR/Cas9 approach instead of classical homologous
recombination allowed targeting more than one locus at a time and going through
several cycles of cloning without having to remove the auxotrophic marker from
the genome for the next round. The the Cas9 and sgRNA plasmids used were
described by Shaw (2016). In short, a linearised Cas9 plasmid (pWS158b,
pWS171b or pWS172b), restriction enzyme digested sgRNA plasmids and donor
DNA for the repair of double strand breaks (DSB) by homologous recombination
were transformed together into S. cerevisiae strains and plated on agar plates
with the correct drop-out media conferring to the Cas9 plasmid used (SC-URA,
SC-LEU or SC-HIS). Colonies were screened by genomic PCR and the correct
promoter insertions and/or gene deletions was confirmed by Sanger sequencing of
the DNA junction (Figure 3.2).
Figure 3.2: Generating DOE strains using CRISPR/Cas9. S. cerevisiae strains
were transformed with (A) the linearised Cas9 expression plasmid as well as the sgRNA
expression cassette. The Cas9/sgRNA complex induced targeted doublestrand breaks
(DSB) which were repaired with co-transformed linear donor DNA by homologous
recombination to result in either insertions or deletions. Strains were confirmed by
(B) PCR from genomic DNA with primers binding approximately 100 bp outside the
homology regions. PCR products (C) were purified and sent off for Sanger sequencing.
A representative agarose gel of genomic PCR products of several gene loci changed
in yDS107 is shown. The size of the DNA ladder denoted in bp.
Up to two genes were targeted per transformation. Strains with more than
CHAPTER 3. Design of Experiments for Improving Saccharomyces cerevisiae
Methionine Titres 60
two insertions/deletions underwent several rounds of CRISPR/Cas9 cloning using
a different Cas9 plasmid until all genetic changes were confirmed. Typically,
transformation plates contained between 10 - 50 colonies and 8 colonies were
chosen for screening. For the strains that were able to be cloned, usually
between 50 - 100% were positive in the first genomic PCR screen and the genetic
changes of one colony that was positive after restreaking were confirmed by Sanger
sequencing. Nevertheless, only 11 strains out of 48 were able to be cloned (Figure
3.3). A strain was deemed to be unable to be cloned, if no positive colonies were
be confirmed after three consecutive attempts (plates were typically incubated for
up to 72 h).
Figure 3.3: List of DOE strains being able to be constructed using
CRISPR/Cas9. Methionine metabolic genes were expressed either from the native
(wild-type) or from a low (PREV1), medium (PRPL18B) or strong (PTDH3) constitutive
promoter. Strains with PREV1 inserted in front of the MET6 or SAH1 ORF couldn’t
be cloned.
The promoter strengths were derived from the characterisation by Lee et al.
(2015) and the expression data under methionine restriction (Zou et al., 2017).
PREV1 was the weakest, PTDH3 the strongest and PRPL18B a medium strong
promoter in the set of promoter characterised by Lee et al. (2015). The relative
expression of the genes expressed by these promoters was similar under methionine
restriction (Zou et al., 2017). Notably, no strain having PREV1, the weakest
constitutive promoter, inserted in front of either the MET6 or the SAH1 open
reading frame (ORF) could be cloned (19 total). High-throughput studies showed
null mutants of MET6 to be of decreased competitiveness in synthetic media,
while null mutants of SAH1 were shown in the same studies to have reduced
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Figure 3.4: Growth curves of DOE strains in synthetic and rich media. DOE
strains as well as the wild-type BY4742 strain were grown in (A) SC-MET + 4%
glucose or (B) YPD media in 96-well microtitre plates. OD595 was measured every
15 minutes for 72 h in a Tecan Sunrise plate reader. Lines represent the mean of
three biological replicates and confidence bands represent the standard deviation.
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competitiveness, a significantly more oxidised cytosol or be inviable (Giaever
et al., 2002; Breslow et al., 2008; Ayer et al., 2012).
In order to investigate the influence of the genetic changes on the competitive
fitness of the DOE strains, growth in synthetic media without methionine (SC-
MET + 4% glucose) or in rich media (YPD) was monitored in 96-well microtitre
plates for 72 hours (Figure 3.4). DOE strains having PRPL18B inserted in front
of the MET6 ORF (yDS093, yDS122 and yDS130) had prolonged lag phases
and slower growth rates compared to BY4742 in synthetic media, but all other
DOE strains did not exhibit a reduction in growth. The difference in growth
characteristics suggests that lowered MET6 expression levels are growth rate
limiting in SC-MET media.
When growing in rich media (YPD), strains carrying a MET30 /MET32
double deletion (yDS085, yDS100, yDS107, yDS111 and yDS113) had slightly
longer lag phases, reduced growth after the diauxic shift and lower final optical
densities after 72 h.
3.4 Methionine production in DOE strains
Even though only 11 DOE strains could to be cloned, those strains covered several
combinations of factors. Nevertheless, when evaluating those combinations it
should be kept in mind that they might have been skewed in favour of strains
easier to generate or growing faster.
Given the lack of strains, two more environmental factors were considered in
the initial DOE experiments: the amount of glucose in the medium (2% and 4%)
and culturing time (24 h and 72 h). BY4742 and all DOE strains were grown
in biological triplicates in glass tubes in SC-MET with either 2% or 4% glucose
for either 24 h or 72 h. Cells were collected by centrifugation and lysed with
YeastBuster before analysis with GC-MS. Media samples were not collected for
analysis since no methionine exporters were reported in S. cerevisiae and therefore
no methionine was expected in the media. All methionine titres reported here
refer to free methionine measured in the cell lysates only, while the unit (in µg/l)
refers to the volume of the whole culture.
The results of the initial DOE experiments are summarised in Figure 3.5.
Increasing the glucose concentration increased the methionine titres in most
strains and most strains had lower methionine titres after 72 h (Figure 3.5 A
and B). Interestingly, the methionine titre of BY4742 decreased at 72 h compared
with 24 h when grown in 4 % glucose; this was not observed with 2 % glucose.
As seen in the microplate growth assays, yDS093, yDS122 and yDS130 grew
to considerably lower OD600 than the other strains, and after 72 h most strains
reached very similar OD600 (Figure 3.5 E and F). It should be noted that the
absolute OD values measured in a plate reader and a spectrophotometer differ
and only relative changes should be compared. Due to their low OD600, the
specific methionine titres (Figure 3.5 C and D) for yDS093, yDS122 and yDS130
CHAPTER 3. Design of Experiments for Improving Saccharomyces cerevisiae
Methionine Titres 63
Figure 3.5: Methionine production of DOE strains. Methionine titres of DOE
strains and BY4742 after 24 h (A) and 72 h (B). Specific methionine titres after 24
h (C) and 72 h (D) were calculated by dividing methionine concentrations by the
estimated dry cell weight. The final OD600 after 24 h (E) were similar for all strains
except yDS093, yDS122 and yDS124 and similar for all strains after 72 h (F). Bars
represent the mean of three biological replicates, error bars the standard deviation.
CHAPTER 3. Design of Experiments for Improving Saccharomyces cerevisiae
Methionine Titres 64
were similar to the other strains at 24 h, whereas their total titres were much
lower. Nevertheless, after 72 h, the specific titres of all strains showed the same
relative pattern as the total titres.
The highest methionine titre of 413 µg/l was reached by yDS100 after 24 h of
growth in 4% glucose, which is only a 1.7 fold increase compared to BY4742 in
the same conditions. The three highest methionine producers, yDS100, yDS113
(345 µg/l), and yDS107 (337 µg/l) carried a double deletion of MET30 /MET32
and MET6 was expressed either from the native (yDS100) or PTDH3 (yDS113 &
yDS107) promoter.
By adding two additional environmental factors to the DOE experiment the
range of responses (methionine titres) had been increased. The methionine titres
ranged 10-fold from 40 µg/l (yDS130, 24 h, 4% glucose) to 413 µg/l (yDS100, 24
h, 4% glucose). The data was used to build a linear regression model in JMP.
3.5 DOE linear regression model
As stated above, not all strains from the initial design could be cloned. Therefore,
the design was augmented with two additional factors: Fermentation time (h)
and the amount of glucose in the fermentation medium (%). The factors in the
augmented model are listed in Table 3.4.
Table 3.4: Experimental factors and the associated levels of each chosen for
evaluation for their impact on methionine production in the augmented design
Factor Role Factor level
MET6 Continuous 84 7163
STR3 Continuous 84 7163
SAH1 Continuous 84 7163
ADO1 Continuous 84 7163
SAM1/SAM2 Categorical wild-type SAM1 KO SAM2 KO
MET30/MET32 Categorical wild-type KO
Time (h) Continuous 24 72
% Glucose Continuous 2 4
Regression analysis was performed using the ”Fit Model” function in the
JMP software. A total of 31 Effect Terms (the mathematical terms representing
the effect of factors on the modelled response) were chosen for the model (see
Appendix for full list). The initial model Effect Terms were chosen on the
following criteria: (1) All factors chosen for the design in the augmented design,
(2) all two-factor-interactions (3) all interactions between two-factor-interactions
and MET30 /MET32, Time or Percentage glucose and (4) all interactions between
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three-factor-interactions and MET30 /MET32, Time or Percentage glucose. The
aim was to be very broad in the first approach and include all interactions between
two factors as well as interactions between those two factor interactions and factors
likely to have global influence (MET30 /MET32, Time and Percentage glucose).
Transcription of all methionine biosynthetic genes was expected to be influenced
by a MET30 /MET32 deletion and all strains were cultured in all combinations
of time and glucose concentrations.
Afterwards, the initial model fit was run (Standard Least Squares) and Effect
Terms were removed in iterative steps until the model with the highest R2 was
found. A summary of the best model fit can be found in Figure 3.6. Figure 3.6
A shows the plot of the actual data points by the predicted data points and the
R2 value. The full equation of the Prediction Expression can be found in the
Appendix.
Figure 3.6 B shows the 11 effect terms with the biggest scaled estimated
influence (Scaled Estimate) on the modelled methionine titres. The largest effect
term was the Intercept of the Prediction Expression equation (blue line in the
Actual by Predicted Plot, Figure 3.6 A). The next three effect terms with the
highest Scaled Estimate were MET6, MET6 *STR3 and MET6 *SAM2 (knock-
out). Nevertheless, the t-Ratios (Scaled Estimate / Standard Error), a measure of
confidence that the effect is real and not noise (high values indicate high confidence
and low noise), were not very high for most terms. Besides the Intercept, only
the MET30 /MET32 (knock-out) term had a t-Ratio above 10, even though the
Scaled Estimate of the effect was comparably small (38.6).
The utilisation of the Prediction Profiler tool (Figure 3.6 C) in JMP is an
useful way to inspect the modelled data graphically. The model suggested that
in a SAM2 and MET30 /MET32 deletion background, increasing the expression
of MET6 and STR3 while increasing the glucose content to 4% and decreasing
the fermentation time to 24 h would result in a methionine titre of 794 (±221)
µg/l, which would be a 3.4 fold increase compared to BY4742 in the same
growth conditions. Changing the expression of SAH1 or ADO1 didn’t influence
methionine titres in one way or another. The model still included very broad
confidence intervals, reflecting the low t-Ratios of the Effect Terms. It remained
unclear whether Standard Errors could have been decreased by testing more
strains or whether the uncertainty is intrinsic to the regulation of sulphur
metabolism.
Even though the model had large uncertainties, the predictions of the model
can be explained by previously published work and the results of this work.
Overexpression of MET6 improved SAM production in S. cerevisiae by increasing
the methionine availability in SAM producing strains (Chen, Wang, Wang,
Dou and Zhou, 2016). MET30 /MET32 strains accumulated elevated levels of
cystathionine (Figure 3.7 A), increasing the expression levels of STR3 would
be expected to increase the amounts of the methionine precursor and MET6
substrate, homocysteine. Increased expression of STR3 only improved methionine
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Figure 3.6: Summary of the DOE model. (A) The actual data points (black
dots) were plotted against the predicted data points by the model (red line), the
intercept of the Prediction Expression is marked by the blue line. (B) The Effect
Terms with the largest Scaled Estimated effects, the graphical representation of the
Scaled Estimate, its Standard Errors, t-Ratios and probabilities are listed. (C) The
Prediction Profiler is an interactive graphical representation of the model predictions.
The best predicted methionine titres are in a strain with high MET6 and STR3
expression in a sam2∆, met30∆/met32∆ background when grown in SC-MET +
4% glucose for 24 h.
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Figure 3.7: Influence of STR3 expression on methionine titres. (A) Box-
and-whisker plot of strains with a MET30/MET32 double deletion accumulating
internal cystathionine. No cystathionine was detected in strains with functional copies
of MET30 and MET32. (B) Surface plot of modelled methionine titres (z axis)
depending on MET6 (x axis) and STR3 (y axis) expression. The other model factors
are set to: SAH1 [84], ADO1 [84], sam2∆, met30∆/met32∆, Percentage glucose
[4], Time(h)[24]. At low MET6 expression levels, increasing STR3 expresssion was
predicted to decrease methionine titres, while the opposite was true for high MET6
expression levels.
titres when MET6 expression was increased as well in the model, but had the
opposite effect at lower MET6 expression levels (Figure 3.7 B). The deletion of
either SAM1 or SAM2 was shown to lead to elevated internal methionine levels
(Mülleder et al., 2016) and Zou et al. (2017) found higher expression levels of
SAM2 compared to SAM1 under methionine restriction conditions, which are
mimicked in the MET30 /MET32 deletion strains. Therefore, the preference of a
SAM2 deletion over a SAM1 deletion in the model could be explained.
In summary, the DOE experiments and the model built on the experimental
data suggested that increased expression of MET6 and STR3 as well as deletions
of SAM2, MET30 and MET32 would give the greatest increase in methionine
titres. Subsequently, the model was validated by implementing the suggested
changes in a new methionine production strain.
3.6 Validation of the DOE model
The DOE model was validated by implementing the suggested changes in a new
methionine production strain, yDS136(PTDH3-MET6, PTDH3-STR3, sam2 ∆ and
met30 ∆/met32 ∆). The strain was generated using CRISPR/Cas9 as described
above and confirmed by genomic DNA PCR and Sanger sequencing of the
introduced changes. The expected pathway activation of yDS136 is summarised
in Figure 3.8 A.
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The engineered DOE strain yDS136 and wild-type BY4742 were grown in glass
tubes with 5 ml of SC-MET + 4% glucose for 24 or 72 h and the samples were
analysed using GC-MS. The methionine titres are shown in Figure 3.8 B.
Figure 3.8: Validation of the DOE model. (A) The expression of MET6 and
STR3 was increased by inserting PTDH3 before the ORF (wide blue arrows). MET30
and MET32 were deleted to increase the expression of genes encoding the enzymes
catalysing the reactions represented by the green arrows. SAM2 was deleted in
order to reduce metabolic flux to SAM. (B) Methionine titres in DOE strain yDS136
increased after 24 h of culturing to 5.3-fold compared to the wild-type strain BY4742.
Methionine titres in yDS136 decreased after 72 h of culturing compared to 24 h
of culturing. The bars represent the mean of three biological replicates, standard
deviation is indicated by the error bars. Only methionine inside the cells was considered
for the calculation of titres.
The methionine titre after 24 h of culturing increased to 1104 ±29 µg/l, a
5.3-fold increase compared to BY4742 in the same conditions. The measured
methionine titre for yDS136 was higher than the modelled outcome (794 µg/l),
but only slightly higher than the upper confidence limit (1015 µg/l). While the
methionine titre decreased after 72 h in yDS136, as the DOE model predicted, it
didn’t change in BY4742 as was observed in the initial DOE experiments in the
same conditions (Figure 3.5 B). No homoserine or homocysteine was deteceted in
either BY4742 or yDS136.
In summary, even though only a fraction of the designed DOE strains were
able to be cloned and therefore the model had broad confidence bands, key factors
influencing methionine production were identified. The predicted changes for
increasing methionine titres were confirmed in the production strain yDS136. By
applying the changes predicted in the DOE model, the methionine titre could be
increased by 5.3-fold compared to the wild-type.
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3.7 Discussion
The JMP software was used to design a DOE approach to identify the main
genetic and environmental factors influencing the production of methionine in S.
cerevisiae. DOE leverages statistical methods to reduce the number experiments
to be performed for covering the design space while avoiding biases introduced
when using an OFAT approach. A total of 48 strains were designed.
Unfortunately, only eleven strains could be cloned. It is not clear in every
case, why the CRISPR/Cas9 approach was unsuccessful, but it is notable that
no strain was able to be constructed with PREV1 in front of either the MET6
or SAH1 ORF. PREV1 is the weakest promoter described by Lee et al. (2015)
and was driving gene expression several orders of magnitude lower than strong
promoters such as PTDH3. Gene expression, especially of genes with fairly strong
native promoters, from very weak promoters could cause phenotypes that are
indistinguishable from actual null mutants. Inserting PREV1 in front of the MET6
or SAH1 ORF could have caused null mutant phenotypes and therefore prohibited
successful cloning.
MET6 null mutants are methionine auxotrophs (Masselot and de Robichon-
Szulmajster, 1975). Methionine was added to the transformation plates, but high-
throughput studies found diminuished competitive fitness in MET6 null mutants
in synthetic media (Giaever et al., 2002; Breslow et al., 2008) and the microplate
growth assays in this work showed prolonged lag phases and lower growth rates
for PRPL18B-MET6 strains, allbeit in SC-MET media. It is possible, that no
positive colonies were found, because PREV1-MET6 strains grew very slowly and
were not visible after 72 h of incubation, while false positive colonies grew fast
and therefore were picked and screened.
The literature on SAH1 is more mixed. Giaever et al. (2002) found null
mutants to be inviable, while Breslow et al. (2008) reported reduced competitive
fitness of mutants with a reduced SAH1 function grown in minimal medium.
Ishtar Snoek and Yde Steensma (2006) identified SAH1 as essential for aerobic
growth, and Ayer et al. (2012) measured a significantly more oxidised cytosol when
SAH1 expression was repressed and the strains were grown in synthetic defined
medium. Similarly to PREV1-MET6 strains, strains expressing SAH1 at very
low levels could be phenotypically equivalent to null mutants, thus being either
inviable (under aerobic growth conditions) or growing very slowly and difficult to
identify.
Nevertheless, the failure of constructing the remaining 18 strains couldn’t
be explained by these circumstances. It is possible that certain combinations
of expression levels could have influenced intracellular glutathione levels, which
plays pivotal roles in maintaining basic cellular functions and protection against
oxidative stress (Penninckx, 2002), and subsequently induced inviable or slow-
growing phenotypes. DOE methodology does not take biological feasibility into
account and since the D-optimal Design option in JMP uses an alghorithm,
another design would have produced a slightly different but equivalent set of
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strains and a different number of strains might have been unable to be cloned.
When designing a set of DOE experiments, especially for changes to central
metabolism, one should perform a scoping experiment and test whether all factor
ranges (and possibly several factor combinations) are physically and biologically
possible.
The limited number of strains made it possible to test all strains (and the
BY4742 wild-type) in two different environmental conditions. Even without any
modelling, it was obvious that methionine titres increased with higher glucose
concentrations and, to a lesser extent, shorter fermentation times. The only
strains increasing their methionine titre markedly whith increased fermentation
times were the slow-growing PRPL18B-MET6 strains, even though their specific
methionine titres differed less distinctly. Methionine biosynthesis is ATP intensive
(Hayakawa et al., 2018) and some of the additional ATP from increased cellular
respiration in higher glucose concentrations might have been used for it. On
the other hand, free intracellular methionine is also a substrate for SAM and
protein biosynthesis, which might explain the decreased methionine titres after
72 h compared with 24 h. Taking more timepoints between 24 h and 72 h would
enable a better understanding of methionine levels over the culturing period.
The DOE strain titres ranged 10-fold, but the lower methionine titres were
only reached by the slow-growing strains and most data points centred around
the wild-type titres. Methionine is one of the lowest abundance amino acids
in S. cerevisiae (Mülleder et al., 2016) and methionine pools are maintained
within narrow boundaries. Furthermore, following the failure to clone all designed
strains, the composition of the DOE strains tested might have been skewed
towards faster growing strains. Considering these circumstances the narrow
spread was not surprising, but linear regression models benefit from a broad range
of responses rather than clustering around a certain value.
Another issue in the DOE model is the correct denomination of the genetic
input factors. The expression levels for the constitutive promoters were charac-
terised as a single timepoint in the exponential growth phase by Lee et al. (2015)
while the fermentations in this work were performed over 24 h and 72 h. Rei-
der Apel et al. (2017) showed that the activity of PTDH3 can drop by as much as
50% after 48 h of growth in synthetic media, but it is unclear whether the drop in
activity over time would be the same in different glucose concentrations (Tdh3p is
a glycolytic enzyme) or whether other promoters have similar changes in activity.
Additionally, the gene expression values taken from Zou et al. (2017) were mea-
sured one hour after methionine restriction, but Met4p regulates the expression
of sulphur compound biosynthetic genes dynamically in response to intracellular
methionine (Ouni et al., 2011). Deletion of MET30 and MET32 set Met4p active
constitutively (Su et al., 2008), but it is unclear whether Met4p stays active at
similar levels over longer fermentation times. It also means that the actual activi-
ties of the native promoters of MET6 and STR3 are dependent on whether or not
MET30 and MET32 were deleted. Therefore, many factor levels defined in the
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linear regression model are more flexible than the numerical values imply and in
some cases dependent on other factor levels, which introduces further uncertainty
to the model. Measurements of actual gene expression levels in the DOE strains
prior to building the model would help to reduce that uncertainty.
Despite these flaws, the model was able to elucidate the influence of key
factors on methionine titres. Changing the expression of SAH1 or ADO1 did
not influence methionine titres. Increasing the expression of MET6 and deleting
SAM2 was expected to elevate internal methionine levels (Chen, Wang, Wang,
Dou and Zhou, 2016; Kanai, Mizunuma, Fujii and Iefuji, 2017; Mülleder et al.,
2016). While the data from Mülleder et al. (2016) implied that both sam1 ∆ and
sam2 ∆ would have a similar influence on methionine levels, Zou et al. (2017)
transcriptional data showed higher expression levels of SAM2, suggesting that
deleting SAM2 would have a bigger influence on methionine titres.
The influence of a MET30 /MET32 on methionine titres was discerned
successfully by the application of DOE and the construction of a linear regression
model. A priori, it was not clear, whether met30 ∆/met32 ∆ strains would
accumulate increased amounts of methionine, because higher transcription of
sulphur biosynthesis genes would produce enzymes both pulling flux away and
pushing flux into the direction of methionine. Indeed, not all met30 ∆/met32 ∆
strains showed increased methionine titres, but the linear regression model
helped discerning the net positive effect of a MET30 /MET32 deletion with
high confidence. While the transcriptional changes in met30 ∆/met32 ∆ double
mutants have been described extensively (Patton et al., 2000; Su et al., 2008),
to my knowledge this work represents the first characterisation of amino acid
levels in met30 ∆/met32 ∆ strains. Most notably, the elevated cystathionine levels
hint at its central role in the transsulphuration pathway and sulphur amino acid
homeostasis.
DOE also enabled to correctly predict the influence of STR3 expression on
methionine titres. Increasing STR3 expression increased methionine titres only
when MET6 expression was high as well. If an OFAT were chosen and the expres-
sion levels of STR3 were changed first, one might have come to the conclusion that
STR3 has no influence on methionine titres and increased expression might even
reduce titres. Considering the accumulation of cystathionine in met30 ∆/met32 ∆
strains, additional copies of STR3 and/or reduced expression of CYS4 could el-
evate methionine titres even more.
The methionine titre of the newly constructed strain yDS136, which was
designed based on the model predictions, was close to the upper limit of the
confidence interval of the predicted titre, increasing the titre 5.3-fold compared
to BY4742. Two studies sought to increase methionine production in yeast
by isolating mutants resistant to DL-ethionine, which is a toxic analogue of
methionine. Brigidi et al. (1988) reported a titre of 20 mg/l methionine in
strains formed through protoplast fusion of DL-ethionine resistant Saccharomyces
uvarum and S. cerevisiae. Brigidi et al. (1988) measured methionine in the
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supernatant, but it is unclear what fermentation medium was used, therefore
obfuscating whether extracellular methionine was introduced by the choice of
fermentation medium containing yeast extract or whether S. uvarum expresses a
native methionine exporter. Martinez-Force and Benitez (1992) grew an industrial
strain in continuous culture and increasing DL-ethionine concentrations. Mutants
isolated from these cultures accumulated up to 32.6 mM intracellular methionine
(up from 0.2 mM in the starting strain). Interestingly, methionine accumulating
strains also had increased intracellular homoserine concentrations (compared to
no detectable homoserine in the starting strain). Neither Brigidi et al. (1988)
nor Martinez-Force and Benitez (1992) characterised the methionine producing
strains genetically. Given that no homoserine or homocysteine was detected in
yDS136, methionine titres could be increased by increasing methionine precursor
levels (see Chapter 4).
Chapter 4
Improving Precursor Supply for
Sulphur Amino Acid Biosynthesis
4.1 Introduction
Biosynthesis of the methionine precursors homoserine and homocysteine is not
only controlled by transcriptional regulation, but also feedback inhibitions of the
enzymes.
The first step of homoserine biosynthesis involves the phosphorylation of aspar-
tate by an aspartate kinase, which is encoded by HOM3 in S. cerevisiae. Homoser-
ine itself is then either phosphorylated by a homoserine kinase (THR1 ) in the first
step of threonine biosynthesis or converted to O-acetylhomoserine, the substrate
for homocysteine biosynthesis, by a homoserine O-trans-acetylase (MET2, Figure
4.2). Both, the aspartate kinase and homoserine kinase, are inhibited by threo-
nine (Mart́ınez-Force and Beńıtez, 1993) and methionine overproducing strains,
obtained through random mutagenesis, also accumulated elevated levels of intra-
cellular homoserine and threonine (Martinez-Force and Benitez, 1992). However,
high levels of homoserine can cause toxicity, possibly by acting as a toxic thre-
onine analogue or by accumulating high levels of the toxic precursor aspartate
β-semialdehyde, and therefore tight regulation of homoserine biosynthesis is re-
quired in yeast strains (Arevalo-Rodriguez et al., 2004; Kingsbury and McCusker,
2010).
Several studies have investigated the mechanism of the allosteric inhibition
of the aspartate kinase and identified several mutations reducing the sensitivity
to inhibition by threonine (Arévalo-Rodŕıguez et al., 1999; Bareich and Wright,
2003). Overexpression of HOM3 variants with some of these mutations were
successfully applied for overproducing threonine (Farfán et al., 1999; Farfán and
Calderón, 2000).
Bacterial sulfhydration (transfer of a thiol group) of activated homoserine uses
a different combinations of substrates to synthesise homocysteine, cystathionine
or methionine (Figure 4.1). Most bacterial enzymes use either O-acetylhomoserine
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or O-succinylhomoserine and depending on the thiol substrate synthesise either
homocysteine (with hydrogen sulphide), cystathionine (with cysteine) or methio-
nine (with methanethiol). Most enzymes have a preference for certain substrates
and some are allosterically inhibited by methionine or SAM (Ferla and Patrick,
2014). MET17 encodes the S. cerevisiae O-acetylhomoserine sulfhydrylase (OAH-
SHLase), which uses hydrogen sulphide as a donor to synthesise homocysteine in
vivo but is also able to use methanethiol as a substrate to produce methionine in
vitro. S. cerevisiae OAH-SHLase in cell lysates was shown to be inhibited strongly
by methionine (Yamagata, 1971). S. cerevisiae synthesises cysteine exclusively
through the transsulphuration pathway via homocysteine and cystathionine in
vivo (Cherest et al., 1993). Even though some strains have detectable serine O-
acetyltransferase activity, no cysteine seems to be synthesised via O-acetylserine
in vivo (Takagi et al., 2003). Another enzyme with sulfhydration activity, cys-
tathionine γ-synthase encoded by STR2, uses O-acetylhomoserine as a substrate
to synthesise cystathionine from cysteine (Hansen and Johannesen, 2000).
Figure 4.1: Sulfhydration reactions. OAH-SHLases generally catalyse three dif-
ferent reactions of O-acetylhomoserine: the synthesis of homocysteine with hydrogen
sulphide, the synthesis of cystathionine with cysteine and the synthesis of methionine
with methanethiol.
Previously, a DOE approach was used to generate a methionine overproducing
strain, yDS136 (PTDH3-MET6, PTDH3-STR3, sam2 ∆, met30 ∆, met32 ∆). The
characterisation of the internal amino acid composition revealed that yDS136
accumulated large amounts of cystathionine, but no measurable amounts of
homoserine. An E282D mutation in Hom3p, which greatly reduced threonine
feedback inhibition (Velasco et al., 2005), was introduced in the native copy of
HOM3 (by mutating A846T in the ORF) and the THR1 gene was deleted in
yDS136, to attempt to increase methionine precursor supply (Figure 4.2). The
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resulting strain yDS138 was characterised for its methionine production as well as
general amino acid composition and compared to BY4742 and yDS136, as well.
Figure 4.2: Pathway map of yDS138. Based on the background strain yDS136
(PTDH3-MET6, PTDH3-STR3, sam2∆, met30∆, met32∆), HOM3 was mutated to
ease the feedback inhibition of the aspartate kinase by threonine while THR1 was
deleted to increase the availability of homoserine, a methionine precursor. The blue
arrows indicate the increased expression of MET6 and STR3 by inserting the strong
promoter PTDH3 in front of the ORF. Green arrows indicate the biosynthetic steps
catalysed by enzymes encoded by genes under transcriptional control by Met4p.
Given the strong inhibition of the S. cerevisiae OAH-SHLase Met17p by
methionine, two bacterial OAH-SHLases were chosen for overexpression to elevate
intracellular homocysteine levels and thereby increase methionine production.
Belfaiza et al. (1998) described metY, an OAH-SHLase from Leptospira meyeri,
as being inhibited by only very high concentrations (10 mM) of methionine or
SAM. Kim et al. (2011) introduced three mutations into MetZ, an OAH-SHLase
from Rhodobacter sphaeroides, for the effective production of methionine from
O-acetylhomoserine and methanethiol (RsMetZ and RsMetZp will be referred
from hereon as the gene and protein containing the three mutations, I3N,
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F65Y and V104A). In this chapter, both OAH-SHLases were expressed by
strong constitutive promoters from high-copy plasmids in the yDS138 strain and
characterised for their effect to increase methionine titres and/or its precursor
levels.
Since met30 ∆/met32 ∆ strains accumulate cystathionine, another possible
branching point of the central sulphur metabolism was investigated: CYS3
involved in the synthesis of cysteine and encoding the S. cerevisiae cystathionine
γ-lyase, was co-expressed with an OAH-SHLase lacking feedback inhibition in
the yDS138 strain to investigate whether S. cerevisiae could be engineered as
a platform for cysteine production. YCT1, encoding an S. cerevisiae cysteine
importer (Kaur and Bachhawat, 2007), was deleted and the amino acid exporter
AQR1 (Velasco et al., 2005) was overexpressed as well in this work. It was
investigated, whether both measures could elevate cysteine accumulation in the
growth medium by preventing cysteine reimport and/or increase cysteine export.
4.2 Eliminating aspartate kinase feedback inhi-
bition and blocking threonine biosynthesis
HOM3 and THR1 were targeted in yDS136 using CRISPR/Cas9. In order to
introduce the A846T point mutation in the ORF of HOM3, the linearised Cas9
and sgRNA plasmids were co-transformed with two annealed complementary 90 nt
oligonucleotides (oDS0348 & oDS0349, see also Materials section) that spanned
the targeted region and included the desired mutation as well as a mutation
in the PAM motif that didn’t change the translated sequence. The correctly
mutated HOM3 would produce Hom3p containing the E282D mutation. THR1
was deleted by co-transforming linearised Cas9 and sgRNA plasmids as well as
donor DNA with homology to either sides of the genome introducing the gene
deletion. The point mutation in HOM3 and deletion of THR1 in the resulting
strain yDS138 were confirmed by genomic PCR and Sanger sequencing.
The wild-type strain, BY4742, the DOE strain, yDS136 ((PTDH3-MET6,
PTDH3-STR3, sam2 ∆, met30 ∆, met32 ∆), and the DOE strain without aspar-
tate kinase feedback inhibition, yDS138 ((PTDH3-MET6, PTDH3-STR3, sam2 ∆,
met30 ∆, met32 ∆, HOM3(A846T), thr1 ∆), were cultured in SC-MET + 4% glu-
cose. All strains were grown for 24 h or 48 h in glass tubes (5 ml medium) or 100
ml shake flasks (20 ml medium) to elucidate different culturing times and condi-
tions on methionine titres. The cell lysates (for internal amino acid compositions)
and media samples (for external amino acid concentrations) were analysed using
GC-MS. The results are summarised in Figure 4.3.
The methionine titres in yDS138, the strain without aspartate kinase feedback
inhibition, were higher than in BY4742 but lower than in yDS136, the most
productive strain as predicted by the DOE model, in all conditions (Figure 4.3
A & B). Generally, titres did not change with prolonged culturing times or being
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Figure 4.3: Methionine titres of BY4742, yDS136 & yDS138 and homoser-
ine accumulation in yDS138. Methionine titres after 24 h (A) and 48 h (B) as
well as specific methionine titres after 24 h (C) and 48 h (D). (E) Homoserine levels
in yDS138. Strains accumulated elevated levels of (F) cysteine (48 h, shake flasks).
All bars represent the mean of biological triplicates, error bars represent standard
deviation.
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Figure 4.4: Relative changes of amino acid pools in yDS136 & yDS138
compared to BY4742. Relative changes of internal amino acid pools in
yDS136 and yDS138 (after 24 h and 48 h) compared to BY4742 were calcu-
lated from the means of biological triplicates. Colour codes represent log2 of rel-
ative changes. Genes under transcriptional control of Met4p are marked in green,
amino acids containing a sulphur atom are marked in red. APS: adenosine 5’-
phosphosulphate; PAPS: 3’-phosphoadenylyl-sulphate; SAM: S-adenosylmethionine;
SAH: S-adenosylhomocysteine. The figure was generated using Pathway Tools v22.5
software.
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shaken in glass tubes or shake flasks. The only exception is the methionine titre
in yDS136 grown for 48 h in a shake flask, which reached 0.89 mg/l, a 3.5-fold
increase compared to BY4742 under the same conditions. The methionine titre of
yDS136 under the same conditions as during the initial experiment characterising
yDS136 (SC-MET + 4% glucose, grown for 24 h in glass tubes) was 0.56 mg/l,
which is only a 2.4-fold increase compared to BY4742 under the same conditions,
and considerably lower than the 1.1 mg/l reached previously by yDS136 (Figure
3.8).
Methionine titres in yDS138 were lower than in yDS136, but the yDS138
specific methionine titres (in µmol/gDCW, Figure 4.3 C & D) were similar to
yDS136 (except yDS136 after 48 h growth in shake flasks). The difference in
methionine titres despite similar specific methionine titres was reflected in the
final OD600 values: yDS136 had final OD600 values of 6.6 - 7.8, while yDS138 final
OD600 values reached 4.4 - 5.6 (after 24 h) and 6.4 - 6.8 (after 48 h), indicating
that yDS138 grew slower and was still growing between 24 and 48 h.
BY4742 and yDS136 accumulated homoserine below the linear detection
range, whereas yDS138 accumulated 12.7 µmol/gDCW (after 24 h) and 15.4
µmol/gDCW (after 48 h) of homoserine in total (Figure 4.3 E). More homoser-
ine was found in the media than inside the cells after 48 h, suggesting an export
mechanism, since no homoserine was added to the media. Interestingly, yDS136
and yDS138 accumulated increased amounts of cysteine, another sulphur contain-
ing amino acid, with a combined titre of 3.4 mg/l for yDS138 and the majority
of cysteine (79%) was detected in the media (Figure 4.3 F). Unlike BY4742 and
yDS138, yDS136 accumulated more cysteine inside the cells (58%) than in the
medium.
The relative changes of internal amino acid pools in yDS136 and yDS138
compared to BY4742 are shown in Figure 4.4. Most amino acid concentrations
were largely unaffected in both strains, with the exception being several amino
acids involved in the sulphur amino acid biosynthesis pathway. Internal aspartic
acid levels were markedly lower in yDS138 after 24 h (4.1-fold decrease), but
recovered to not as much reduced levels after 48 h (2.40-fold decrease). Aspartic
acid was supplied in the growth medium at 80 mg/l and the steep reduction (log2
of less than -2) after 24 h indicate a highly active aspartate kinase (Hom3p) in
yDS138. Homoserine levels saw large increases in yDS138 and homoserine levels
seemed to decrease in yDS136, but homoserine levels were very low in BY4742
(below the linear range of detection) and these changes don’t necessarily reflect big
absolute changes. Homocysteine, cystathionine and cysteine levels were increased
in all strains. The increase of homocysteine was similar in yDS136 (7.8-fold
increase) and yDS138 after 24 h (8.4-fold increase), while homocysteine levels after
48 h were markedly higher in yDS136 (26.0-fold increase) compared to yDS136
(3.3-fold increase). Cystathionine and cysteine levels were raised markedly in both
yDS136 and yDS138 compared to BY4742, but the rise was more pronounced in
yDS138 after 24 h, but the opposite was the case after 48 h. Notably, yDS138
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accumulated higher levels of cysteine (Figure 4.3 F) as well as cystathionine (3.5
compared to 2.0 µmol/gDCW after 48 h growth in shake flasks) outside the cells
than yDS136 did.
4.3 Overexpression of bacterial OAH-SHLases
without methionine inhibition
Since the GC-MS method did not enable the measurement of O-acetylhomoserine,
it was unknown whether O-acetylhomoserine accumulated in any of the strains;
therefore, the measured homoserine levels could have higher than the actual
levels, because the acidification of samples during the extraction step might have
hydrolysed the O-acetylhomoserine pools to form homoserine. Nevertheless, it
was hypothesised that a feedback inhibition of Met17p by methionine could have
caused the accumulation of homoserine in yDS138 (Yamagata, 1971).
In order to investigate similarities between different enzymes using O-
acetylhomoserine as a substrate and find conserved residues, the protein sequences
of the S. cerevisiae cystathionine γ-synthase (Str2p), and three OAH-SHLases
(RsMetZp, Met17p & LmMetYp) were aligned using the Clustal Omega tool
(www.ebi.ac.uk/Tools/msa/clustalo/; see Figure 4.5). Despite several regions of
conservation among these enzymes, they all possess low similarity overall, with
Str2p being the least similar to the other three enzymes. Of the three mutations in
RsMetZ described by Kim et al. (2011) to increase activity, only the V104A muta-
tion is found in the other enzymes and conserved across all enzymes. Notably, the
Str2p sequence is markedly longer than the three other enzyme sequences and the
Str2p N-terminal sequence did not align with the other three sequences. The Inter-
ProScan tool (www.ebi.ac.uk/interpro/beta/) combines several predictive models
for the analysis of protein sequences and the tool was used to analyse the sequence
of Str2p. The analysis revealed that the first 270 amino acids of Str2p did not
show any homology to any known domains. The remaining amino acids showed
homology to the superfamily of pyridoxal phosphate-dependent transferases, to
which the other three OAH-SHLases belong as well.
The genes encoding the bacterial enzymes, LmMetY and RsMetZ, were S.
cerevisiae codon optimised and their synthesised DNA sequences were ordered
from IDT; the sequence of MET17 was amplified by PCR from BY4742 genomic
DNA. All genes were cloned into a high-copy plasmid (pCPS1UHA) and their
expression was driven by a strong constitutive promoter (PCCW12) from the MoClo
kit (Lee et al., 2015). The plasmids carrying either LmMetY (pDS095), RsMetZ
(pDS096), MET17 (pDS097) cassettes or an empty plasmid (pCPS1UHA) were
transformed into yDS138. All transformed strains were grown for 24 h or 48 h
in glass tubes with SC-MET-URA + 4% glucose. The cell pellets and media
supernatants were analysed by GC-MS as before. Methionine and cysteine titres,
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Figure 4.5: Multiple sequence alignment of different OAH-SHLases. Protein
sequences were aligned using Clustal Omega with default parameters. Conserved
sequences are highlighted in colour. ScSTR2: Saccharomyces cerevisiae cystathionine
γ-synthase; RsMetZ: Rhodobacter sphaeroides OAH-SHLase (Kim et al., 2011);
ScMET17: Saccharomyces cerevisiae OAH-SHLase; LmMetY: Leptospira meyeri
OAH-SHLase.
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Figure 4.6: Characterisation of yDS138 overexpressing bacterial OAH-
SHLases. (A) Methionine and (B) cysteine titres after 24 h and 48 h. Compound
accumulation in the transsulphuration pathway after 24 h (C) and 48 h (D). Cth:
cystathionine; Hcy: homocysteine; Cys: cysteine. (E) Homoserine levels after 24
h and 48 h. Bars represent the mean of biological triplicates, error bars represent
standard deviation.
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compound accumulation in the transsulphuration pathway as well as homoserine
accumulation in the generated strains are summarised in Figure 4.6.
Methionine titres were not changed significantly by the overexpression of either
the bacterial OAH-SHLases or MET17, but titres comparable to yDS138 in SC-
MET were not reached until after 48 h (Figure 4.6 A); no methionine was detected
in the media. Cysteine titres were not changed either by the overexpression of
bacterial OAH-SHLases but yDS138 carrying an empty plasmid accumulated 5.5
mg/l of cysteine, mostly in the media, which was higher than cysteine titres in
yDS138 growing in SC-MET (Figure 4.6 B).
Differences between the OAH-SHLases emerged after the accumulation of com-
pounds in the transsulphuration pathway was analysed (homocysteine, cystathio-
nine and cysteine, Figure 4.6 C & D). Expression of RsMetZ caused yDS138 to
accumulate large amounts of cystathionine after 24 h (24% outside the cells). The
total amount of cystathionine decreased after 48 h, but a larger fraction (49%) was
found in the media. Notably, specific cysteine levels after 48 h were very similar
across all strains, suggesting that the higher cysteine titre of the yDS138 strain
carrying an empty plasmid was due to a higher final OD600. The only notable
exception was the specific internal cysteine titre after 24 h: the yDS138-RsMetZ
strain accumulated much lower internal cysteine levels (0.16 µmol/gDCW) than
the other strains (0.48 - 0.59 µmol/gDCW). Homocysteine levels were much lower
compared to cysteine and cystathionine and highest in the RsMetZ expressing
strain after 48 h (0.56 µmol/gDCW), where the majority (91%) was found in the
media.
Homoserine accumulated in yDS138 carrying an empty plasmid to similar
levels as in yDS138 grown in SC-MET after 48 h, whereas the overexpression
of any OAH-SHLase reduced homoserine levels in all cases, up to a 3.4-fold
decrease in the strain overexpressing LmMetY (Figure 4.6 E). It remains unclear
what caused the homoserine reduction in LmMetY expressing strains, because
threonine biosynthesis was blocked and no increased compound accumulation in
the transsulphuration pathway or increased methionine titres were observed.
4.4 Increasing metabolic flux towards cysteine
biosynthesis and export
Overexpressing RsMetZ in yDS138 did not influence methionine titres, but
drastically increased the amount of cystathionine, which is the substrate for the
S. cerevisiae cystathionine γ-lyase (Cys3p) catalysing the synthesis of cysteine. It
was therefore hypothesised that co-expressing RsMetZ and CYS3 would increase
cysteine titres. Similarly, it was investigated whether deleting the cysteine
importer YCT1 and/or co-expressing the amino acid exporter AQR1 would lead
to enhanced cysteine accumulation outside the cells.
A new strain, yDS139, was constructed by deleting the coding sequence of
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YCT1 in the yDS138 background using CRISPR/Cas9. YCT1 was deleted by
co-transforming linearised Cas9 and sgRNA plasmids targeting the gene as well
as donor DNA with homology to either sides of the genome introducing the gene
deletion.
Two new plasmids, pDS100 and pDS101, were constructed using Golden Gate
assembly. A PCCW12-RsMetZ cassette and a cassette with CYS3 being expressed
from a strong constitutive PPGK1 promoter were cloned into a high-copy plasmid
to generate pDS100. The RsMetZ and CYS3 cassettes together with AQR1
expressed from a PTEF1 promoter were cloned into a high-copy plasmid to generate
pDS101.
Both plasmids as well as an empty plasmid control (pCPS1UHA) were
transformed into either yDS138 or newly cloned yDS139. All strains were grown
for 48 h in glass tubes with SC-MET-URA + 4% glucose. The cell pellets and
media samples were analysed by GC-MS as above. The results are summarised
in Figure 4.7.
Cysteine titres did not increase in strains overexpressing either RsMetZ &
CYS3 or RsMetZ, CYS3 & AQR1. Indeed, only in yDS138-RsMetZ -CYS3
methionine titres were similar to the empty plasmid controls, while all other
combinations decreased the total cysteine titre (Figure 4.7 A). Deleting the
cysteine specific importer YCT1 did not decrease internal cysteine titres or
increase extracellular cysteine concentrations.
Co-expressing RsMetZ and CYS3 markedly reduced homoserine accumulation
compared to yDS138 (in SC-MET), yDS138 or yDS139 carrying an empty plasmid
or yDS138 expressing RsMetZ alone. Notably, overexpression of AQR1, which
also exports homoserine, did not increase homoserine levels detected in the media
(Figure 4.7 B and C). The homoserine precursor aspartic acid was supplemented
in the media at concentrations of 80 mg/l, but after 48 h of culturing ≤1.3 mg/l
of aspartic acid were measured in all media samples.
The compound composition in the transsulphuration pathway changed con-
siderably from yDS138 overexpressing RsMetZ alone (Figure 4.6 D & Figure 4.7
D). Deletion of the cysteine importer YCT1 alone did not change the overall
transsulphuration profile in yDS138 or yDS139 carrying an empty plasmid.
The total cystathionine accumulation observed in yDS138-RsMetZ was greatly
lowered by co-expressing CYS3 (from 15.0 µmol/gDCW in yDS138-RsMetZ to 4.7
µmol/gDCW in yDS138-RsMetZ -CYS3 ). Nevertheless, cysteine levels did not rise
equally (from 2.2 µmol/gDCW in yDS138-RsMetZ to 3.9 µmol/gDCW in yDS138-
RsMetZ -CYS3 ).
All strains held very similar low pools of intracellular cysteine (0.20 - 0.28
µmol/gDCW) and differed only in how much cysteine was detected in the media.
The highest amounts of total cysteine accumulated in yDS138-RsMetZ -CYS3,
but since the yDS138-RsMetZ -CYS3 strain reached a lower OD600 than yDS138
carrying an empty plasmid, the total combined cysteine titres were similar.
Similarly, all strains retained very small pools of internal homocysteine and
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Figure 4.7: Cysteine titres, homoserine accumulation and transsulphura-
tion pathway of cysteine producing strains. An empty plasmid or plasmids over-
expressing RsMetZ/CYS3 or RsMetZ/CYS3/AQR1 were transformed into yDS138
(PTDH3-MET6, PTDH3-STR3, sam2∆, met30∆, met32∆, HOM3(A846T), thr1∆) or
yDS139 (PTDH3-MET6, PTDH3-STR3, sam2∆, met30∆, met32∆, HOM3(A846T),
thr1∆, yct1∆). (A) Cysteine titres, (B) homoserine specific titres (per gram dry cell
weight), (C) homoserine titres and (D) compound accumulation in the transsulphu-
ration pathway. Cth: cystathionine; Hcy: homocysteine; Cys: cysteine. All strains
were cultured for 48 h in SC-MET-URA + 4% glucose. Bars represent the mean of
biological triplicates, error bars represent standard deviation.
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differing levels of homocysteine in the media. The highest extracellular amounts
of homocysteine were found in yDS139-RsMetZ -CYS3.
4.5 Discussion
Mutating HOM3 and blocking threonine biosynthesis by deleting THR1 was
successfully applied for increasing the amount of homoserine, a precursor in
methionine and cysteine biosynthesis. In fact, yDS138 accumulated large amounts
of homoserine, more than 18 mg/l in the medium, which is remarkable because
Kingsbury and McCusker (2010) reported that just 1 mg/l of homoserine in
the medium (YPD, growth on plates) could inhibit growth of thr1 mutants.
While yDS138 did show decreased final optical densities compared to BY4742
or yDS136, the toxicity of homoserine might have been mediated by either the
difference in growth media or activation of the sulphur amino acid pathway by
the deletion of MET30 /MET32 that would have also increased the expression
of HOM6 and thereby prohibited the accumulation of the toxic intermediate β-
aspartate-semialdehyde. It should be noted, that about a third of total homoserine
was detected inside the cells.
The lack of reproducibility of methionine titres in yDS136 is concerning for
the development of S. cerevisiae as a platform for the fermentative production
of methionine. The titres varied between repeats and depended on the growth
conditions, which could have been caused by slightly different metabolic states
of the overnight starter cultures. It indicates that levels of free methionine were
more influenced by the growth state than any genetic changes in the strain, thus
complicating any future attempts for upscaling the fermentation process. Yoshida
et al. (2011) reported indeed methionine levels in wild-type strains peaking after
about 8 h of growth, while cysteine and cystathionine levels did not change
greatly. The absence of any methionine in the media of any strains in this work
might indicate that S. cerevisiae does not export excess methionine but rather
converts it into SAM and regenerates it through the methyl cycle. Additionally,
methionine production might be restricted through the export of compounds in
the transsulphuration pathway, homocysteine, cystathionine and cysteine. Down-
regulating the expression of SAM1 and CYS4 in yDS136 (a deletion would
cause the strain to be auxotrophic for SAM and cysteine, respectively) could
decrease the utilisation of methionine but also negatively impact growth rates.
More measurements of internal metabolites at earlier timepoints as well as qPCR
experiments could clarify the time-dependent accumulation of methionine and
whether met30 ∆/met32 ∆ mutants have indeed increased transcription of genes
involved in methionine biosynthesis as is the case under methionine restricting
conditions.
Farfán et al. (1999) measured much higher amounts of homoserine (up to 187
µmol/gDCW total compared to 15 µmol/gDCW in yDS138) by expressing a different
feedback resistant HOM3 mutant from a high expression promoter (PGAL1) on a
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high-copy 2µ plasmid. HOM3 in yDS138 was expressed from its native promoter
on the genome, but the upregulation of native HOM3 by deleting MET30 and
MET32 seemed to be enough to accumulate significant amounts of homoserine.
Farfán et al. (1999) and others such as Farfán and Calderón (2000) and Velasco
et al. (2005) aimed to overproduce threonine and therefore did not delete THR1,
which could explain higher tolerance to homoserine.
Nevertheless, excess homoserine did not lead to increased methionine titres
even after blocking its conversion to threonine by deleting THR1. A possible
reason could have been additional enzymatic inhibitions in the pathway. The S.
cerevisiae homoserine-O-acetyltransferase (Met2p) had been described as being
post-transcriptionally inhibited under high expression conditions (Forlani et al.,
1991) and the purified enzyme was inhibited partially by O-acetylhomoserine, ho-
mocysteine and cysteine but not methionine (Yamagata, 1987). The S. cerevisiae
OAH-SHLase (Met17p) on the other hand was shown to be enzymatically inhib-
ited by methionine and, to a lesser degree, homoserine (Yamagata, 1971). Homo-
cysteine levels were elevated in yDS136 and yDS138 compared to BY4742, where
homocysteine synthesis is regulated by methionine levels via MET17 transcrip-
tion and enzymatic repression of Met17p. Lower homocysteine levels in yDS138
compared to yDS136 might have been caused by heightened Met17p repression
due to high intracellular homoserine and therefore homocysteine synthesis became
the bottleneck for methionine production. Therefore, the overexpression of bac-
terial OAH-SHLases with reduced feedback inhibition was deemed as an option
for overcoming this metabolic bottleneck.
Overexpression of OAH-SHLases did not increase methionine titres and
slightly decreased cysteine titres. Nevertheless, overexpression of RsMetZ dras-
tically changed the composition of compounds in the transsulphuration pathway,
with large amounts of cystathionine accumulating inside and outside the cells. It
might have been caused by lowered feedback inhibition of RsMetZp by methionine
compared to LmMetYp and Met17p. It remains unclear why the overexpression
of RsMetZ did not lead to similar increases of methionine or homocysteine even
though the strain had strong promoters inserted in front of the native MET6 and
STR3 ORF. Neither Met6p nor Str3p were tested for enzymatic inhibition by
methionine, but Str3p localises to the peroxisome (Schäfer et al., 2001) and is the
target of Skp2p-dependent degradation (Yoshida et al., 2011), which might limit
its potential to convert cystathionine into homocysteine. Str3p, but also Cys3p
and Str2p were stabilised in skp2 mutants, therefore a deletion of SKP2 could
help to push flux into the direction of methionine.
The cystathionine accumulation might also be explained by a higher specificity
of RsMetZp for the reaction synthesising cystathionine from O-acetylhomoserine
and cysteine. Kim et al. (2011) aimed to find enzymes synthesising methionine
directly from methanethiol and O-acetylhomoserine, but they also described
cysteine as a suitable substrate and used cysteine as a substrate in the assays
characterising mutant RsMetZp. Interestingly, the S. cerevisiae cystathionine
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γ-synthase, Str2p, is expressed at comparatively low levels (Zou et al., 2017)
and overexpression of STR2 could increase cystathionine levels in similar ways
as RsMetZ. It remains unclear, what function the long N-terminal sequence of
Str2p possesses and how it might influence its substrate specificity, sensitivity to
feedback inhibition and/or protein stability.
Curiously, homoserine levels markedly decrease in LmMetY expressing strains
but did not lead to increased amounts of methionine or any compound in
the transsulphuration pathway. The homoserine dehydrogenase (Hom6p) was
shown to be weakly inhibited by methionine and threonine (Yumoto et al., 1991;
Jacques et al., 2001). The β-aspartate-semialdehyde dehydrogenase (Hom2p)
was described as being not feedback inhibited by methionine or threonine and
the reverse reaction was weakly inhibited by cysteine and homocysteine (Surdin,
1967). Since all reactions in the pathway converting aspartate to homoserine are
reversible, differences in the equilibrium of those reactions could have influenced
the amount of homoserine generated.
The large amounts of cystathionine encouraged the assumption that overex-
pression of CYS3 could elevate cysteine titres. Therefore, it was not surprising
that co-expressing RsMetZ and CYS3 lowered cystathionine levels, but it was
not expected that cysteine titres either did not change or dropped (depending on
the background strain and whether AQR1 was expressed as well), while homoser-
ine levels were lowered drastically. Cysteine titres were higher than in yDS138
expressing RsMetZ alone, suggesting that CYS3 was indeed expressed and cys-
tathionine converted into cysteine, but the combined amount of cysteine and
cystathionine (and all compounds in the transsulphuration pathway) was lower
in RsMetZ & CYS3 co-expressing strains. Glutathione levels were not measured
using the GC-MS method. However, it is conceivable that increased GSH1 ex-
pression, which encodes the rate-limiting enzyme in glutathione biosynthesis, due
to the MET30 /MET32 deletion gave rise to elevated intracellular glutathione
(Ask et al., 2013; Zou et al., 2017). The decreased homoserine levels also indicate
that flux into the transsulphuration pathway was indeed increased.
Overexpression of AQR1 did not greatly enhance amino acid excretion.
Velasco et al. (2004) showed that Aqr1p mediated secretion is more pronounced
in strains lacking amino acid permeases and that Aqr1p efficiently exports
amino acids that are highly abundant in the cytosol. Cysteine precursors
such as homoserine and cystathionine might have been constantly exported by
overexpressed AQR1 products and reimported by general or specific amino acid
permeases, thus reducing the available preursor amount and subsequently cysteine
titres. Interestingly, yDS136 was the only strain that maintained larger pools of
internal than external cysteine, while the extracellular concentrations remained
similar to BY4742. Velasco et al. (2004) showed that the basal AQR1 gene
expression was very low and could be increased by adding γ-aminobutyric acid
(GABA), glutamic acid and proline to the medium but no other amino acid,
even though it should be noted that the effect of homoserine on AQR1 gene
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expression was not investigated by the authors. Internal levels of glutamic acid
and proline did not differ between yDS136 and yDS138, therefore it is possible
that basal AQR1 expression in yDS136 was too low to effectively secrete cysteine
into the medium, but yDS138 had increased AQR1 expression caused by elevated
homoserine levels. Another possibility is that Aqr1p - which cycles between the
cytosol, vacuole, plasma membrane and the cell surface (Tkach et al., 2012) -
activity is mediated by an unknown post-transcriptional mechanism or that Aqr1p
export is not specific for cysteine.
Deleting the cysteine importer YCT1 did not lead to increased levels of
extracellular cysteine. That was surprising since the general amino acid permeases
have much lower affinities for cysteine than Yct1p, even though indirect evidence
suggests that other amino acid permeases such as Agp1p, Gnp1p and Mup1p also
import cysteine (Huang, Walker, Fedrizzi, Gardner and Jiranek, 2017). On the
contrary, the cysteine titres of strains co-expressing RsMetZ and CYS3 in a yct1 ∆
background fell markedly, while the yDS139-RsMetZ -CYS3 strain accumulated
the highest amounts of extracellular homocysteine. Kaur and Bachhawat (2007)
demonstrated the high affinity of Yct1p for cysteine and given the structural
similarity it is possible that yct1 ∆ strains failed to effectively import extracellular
homocysteine and therefore reduced the availability of homocysteine in the
transsulphuration pathway.
Homocysteine is toxic in humans (Per la-Kaján et al., 2007) and since both
yeast and humans share the transsulphuration pathway, S. cerevisiae has been
used in the past to investigate mechanisms of homocysteine toxicity. High ex-
tracellular concentrations (5 mM) of cysteine and homocysteine were shown to
inhibit growth in yeast (Kumar et al., 2006) and Christopher et al. (2002) in-
dicated that high levels of S-adenosyl homocysteine rather than homocysteine
itself cause toxicity. All strains overexpressing RsMetZ and CYS3 exported the
majority of cysteine and homocysteine into the media and the additional over-
expression of AQR1 did not increase the amount of cysteine and homocysteine
found in the media. It remains unclear, whether Aqr1p is not exporting cysteine
or homocysteine, whether the export is dependent on internal concentrations or
whether another unknown exporter is responsible for the extracellular accumula-
tion of cysteine and homocysteine. Deleting the native copy of AQR1 in yDS138
could help elucidating that question. The slightly higher extracellular concentra-
tions of homocysteine in yDS139 (yct1 ∆) indicates that Yct1p might not only
import cysteine but homocysteine as well.
It should be noted that only one timepoint of 48 h was measured in the
case of strains overexpressing RsMetZ, CYS3 and AQR1. It is unclear, how
and whether cysteine titres changed before and after 48 h. The reduced but
still high amounts of homoserine and cystathionine should open the opportunity
to producing more cysteine and supplementing more glucose might improve the
conversion by supplying more ATP for the synthesis of acetyl-CoA.
In summary, S. cerevisiae proved to be an unsuitable host for overproducing
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free methionine. The lack of a native methionine exporter could be overcome
by either expressing a methionine specific exporter from another organism or
mutate one of the multidrug transporters native to S. cerevisiae to be specific
for methionine. Another approach could be to increase the total amount of
methionine by expressing a methionine storage protein high in methionine content
(see Chapter 5).
Measuring more key metabolites such as SAM, S-adenosylhomocysteine,
sulphide and glutathione will allow a better understanding of the fate sulphur
metabolites. Proteomics studies or measurements of total hydrolysed amino
acid content could help investigate whether the engineering efforts changed the
proteome and lead to the accumulation of protein bound methionine or cysteine.
Since cysteine is exported to the medium and cysteine precursors were produced in
high quantities, targeting this sulphur amino acid for overproduction seems to be
more promising. Future engineering approaches will need to address the efficient
conversion of precursors into cysteine, and ensure the export of only cysteine into
the medium and not its precursors while prohibiting the reimport of cysteine by
specific or non-specific amino acid permeases.
Chapter 5
Expression of a Methionine
Storage Protein
5.1 Introduction
Several studies demonstrated the advantage of using either D-methionine, which
needs to racemised to L-methionine by the body prior to protein synthesis, or a
commercially available methionine dimer as an additive to animal feeds (Sveier
et al., 2001; Niu et al., 2018). The studies’ authors reasoned that a slower uptake
of other methionine sources compared to crystalline L-methionine contributed
to a better bioavailability of L-methionine and thus better utilisation of the
sulphur source. It was therefore hypothetised in this work that the expression of
a methionine storage protein in S. cerevisiae could generate nutritionally valuable
yeast.
The 2S albumins are watersoluble storage proteins, which take up between
20% - 60% of the soluble protein deposit in developing seeds and serve as
nutrient source (Youle and Huang, 1981; Shewry and Pandya, 1999), with some
2S albumins showing anti-fungal properties through cell wall permeabilisation
(Agizzio et al., 2006). Their conserved structure is characterised by four helices
connected by four disulphide bonds forming a superhelical structure (Rico et al.,
1996; Pantoja-Uceda et al., 2004; Rundqvist et al., 2012). Zeins are a class of
insoluble maize storage proteins belonging to the family of prolamins (storage
proteins with high prolin content) and have commercial uses as coatings or fibres
(Lawton, 2002). Zeins are classified by their solubility properties into α-, β-,
γ- and δ-zeins, with the only structurally described α-zeins forming disulphide
bridged dimers (Momany et al., 2006). Aqueous alcohol solutions can be used
to extract α-zeins, while β-, γ- and δ-zeins need to be treated with reducing
agents first to disrupt the disulphide bonds. Structural studies by atomic force
microscopy (AFM) described zeins as forming mesh-like structures (Guo et al.,
2005; Zhang et al., 2018).
In order to overcome the low abundance of sulphur amino acids in common
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food crops, several studies expressed genes encoding methionine rich proteins
in transgenic plants. Among other examples, Lee et al. (2003) increased the
methionine content of rice plants by up to 75% by expressing a sesame seed
albumin and Molvig et al. (1997) expressed a sunflower seed albumin in Lupinus
angustifolius L. to increase the seed methionine content by 94%. Nevertheless,
some 2S seed albumins were shown to be potential allergens, reducing their
biotechnological applicability (Galili and Amir, 2013). Furthermore, the elevated
levels of methionine in storage protein expressing plants can be at the expense
of other sulphur containing proteins and therefore not increase the total sulphur
amino acid content (Hagan et al., 2003; Chiaiese et al., 2004). Other groups of
methionine-rich storage proteins derived from maize, β-, γ- and/or δ-zeins, have
been successfully expressed in tobacco and soybean plants (Bagga et al., 1997;
Dinkins et al., 2001).
The expression of a methionine storage protein in S. cerevisiae could be ben-
eficial in two ways: (i) Free methionine would be sequestered into a protein body
inside the cell (as opposed to being exported outside the cell) and thus the tran-
scriptional down-regulation of methionine biosynthesis genes as well as feedback
inhibitions of enzymes in the pathway could be avoided; (ii) protein bound me-
thionine could have a higher bioavailability and therefore better efficiency when
used in animal feeds.
In this chapter, three seed methionine storage proteins were expressed from
high copy plasmids in BY4742: the 10-kDa δ-zein from Zea mays (Wu et al.,
2009), Ber e 1, a 2S albumin from Bertholletia excelsa (Brazil nut) (Rundqvist
et al., 2012), and SFA8, a 2S albumin from Helianthus anuus L. (sunflower)
(Pantoja-Uceda et al., 2004). The expression was investigated using a Western
blot.
Furthermore, the truncated sequence of a methionine rich 10-kDa δ-zein from
Zea mays was expressed from a high-copy plasmid in three different S. cerevisiae
strains: BY4742, yDS136 & yDS138. In order to elucidate whether methionine
and/or cysteine overproducing strains are able to better express the methionine-
rich 10-kDa δ-zein, a Western blot was performed. Finally, the structures of the
truncated and full protein was modelled and compared to find out whether the
truncation might have influenced protein folding.
5.2 Cloning and expression of three methionine
storage proteins
The protein sequences of 10-kDa δ-zein, Ber e 1 and SFA8 were analysed using
the InterProScan tool (www.ebi.ac.uk/interpro/beta/) and all three proteins were
predicted to contain an N-terminal signal peptide (the predictions were confirmed
using SignalP 5.0 (Almagro Armenteros et al., 2019)). The predicted signal
peptides were the residues 1-21 (10-kDa δ-zein), 1-22 (Ber e 1) and 1-38 (SFA8).
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Therefore, the S. cerevisiae codon optimised DNA sequences corresponding to
the translated protein lacking signal peptide residues but containing a methionine
start codon and the correct overhangs for Golden Gate cloning, were ordered from
IDT. The genes were cloned into a high-copy copy plasmid (pCPS1UHA) with a
PGAL1 promoter and either an N- or C-terminal 3x-FLAG-6x-His-tag (containing a
single GS linker) using Golden Gate to generate the plasmids pDS089 (3x-FLAG-
6x-His-10-kDa δ-zein), pDS090 (10-kDa δ-zein-3x-FLAG-6x-His), pDS091 (3x-
FLAG-6x-His-Ber e 1), pDS092 (Ber e 1-3x-FLAG-6x-His), pDS093 (3x-FLAG-
6x-His-SFA8) and pDS094 (SFA8-3x-FLAG-6x-His). The molecular weights and
methionine content of the proteins are listed in Table 5.1.
Table 5.1: Molecular weight and methionine content of three methionine storage
proteins.
Protein Molecular Weight (kDa) Methionine residues
10-kDa δ-zein 14.6 30/130 (23.1%)
Ber e 1 14.8 24/124 (19.4%)
SFA8 12.3 17/104 (16.3%)
Figure 5.1: Western blot of methionine storage proteins in BY4742 Primary
antibody: anti-His. Secondary antibody: Anti-Mouse IgGPeroxidase. The image was
acquired using a C-DiGit Chemiluminescent Western Blot Scanner (Licor). Marker
sizes in kDa. Sol: Soluble fraction. Insol: Insoluble fraction.
All generated plasmids and an empty plasmid control (pCPS1UHA) were
transformed into BY4742. All strains were grown in 5 ml of SC-URA + 4%
galactose for 24 h. After 24 h, the final OD600 values were lower for most strains
carrying plasmids expressing Ber e 1 (OD600 4.6 & 5.6) or SFA8 (OD600 4.8 & 8.4)
compared to strains carrying the empty plasmid control (OD600 7.6) or expressing
10-kDa δ-zein (OD600 6.0 & 7.2).
CHAPTER 5. Expression of a Methionine Storage Protein 94
The whole cell culture was lysed using YeastBuster and the lysate (soluble
fraction) as well as the centrifuged cell debris (insoluble fraction) were purified
using a Ni-NTA slurry in order to enrich the target protein. The eluted fractions
were analysed using a Western blot (Figure 5.1). The expected molecular weights
for the tagged proteins were 18.6 kDa (10-kDa δ-zein), 18.8 kDa (Ber e 1) and
16.3 kDa (SFA8).
Neither Ber e 1 nor SFA8 were detected in the Western blot. Both, the N-
as well as the C-terminally 10-kDa δ-zein were detected solely in the insoluble
fraction and both samples had two more bands below the expected band at around
18.6 kDa. All further experiments were performed with 10-kDa δ-zein only.
5.3 Expression of 10-kDa δ-zein in different
strain backgrounds
Subsequently, the 10-kDa δ-zein sequence was analysed. The protein parameters
of the truncated and untagged 10-kDa δ-zein were calculated using the ExPASy
ProtParam Webtool (https://web.expasy.org/protparam/). The results were
compared to TDH3p, one of the most abundant proteins in S. cerevisiae (Ho
et al., 2018), and both are listed in Table 5.2.
Table 5.2: Amino acid, molecular weight, amino acid composition and expected
hydropathy of 10-kDa δ-zein and TDH3p.
Property 10-kDa δ-zein TDH3p
Number of amino acids 130 332
Molecular weight (kDa) 14.6 35.7
Methionine residues (Percentage) 30 (23.1%) 7 (2.1%)
Cysteine residues (Percentage) 5 (3.8%) 2 (0.6%)
Alanine residues (Percentage) 7 (5.4%) 32 (9.6%)
Arginine residues (Percentage) 0 (0%) 11 (3.3%)
Asparagine residues (Percentage) 3 (2.3%) 13 (3.9%)
Aspartic acid residues (Percentage) 1 (0.8%) 24 (7.2%)
Glutamine residues (Percentage) 15 (11.5%) 5 (1.5%)
Glutamic acid residues (Percentage) 0 (0%) 15 (4.5%)
Glycine residues (Percentage) 4 (3.1%) 26 (7.8%)
Histidine residues (Percentage) 3 (2.3%) 8 (2.4%)
Isoleucine residues (Percentage) 3 (2.3%) 19 (5.7%)
Leucine residues (Percentage) 15 (11.5%) 21 (6.3%)
Lysine residues (Percentage) 0 (0%) 21 (6.3%)
Phenylalanine residues (Percentage) 5 (3.8%) 10 (3.0%)
Proline residues (Percentage) 20 (15.4%) 12 (3.6%)
Serine residues (Percentage) 8 (6.2%) 26 (7.8%)
Continued on next page
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Table 5.2 – Continued from previous page
Property 10-kDa δ-zein TDH3p
Threonine residues (Percentage) 5 (3.8%) 24 (7.2%)
Tryptophan residues (Percentage) 0 (0%) 3 (0.9%)
Tyrosine residues (Percentage) 1 (0.8%) 11 (3.3%)
Valine residues (Percentage) 5 (3.8%) 37 (11.1%)
GRAVY (Grand Average of Hydropathy) 0.513 -0.107
The 10-kDa δ-zein protein consists of 130 amino acids and has a molecular
weight of 14.6 kDa, with 30 methionine and 5 cysteine residues and a percentage
of sulphur amino acids of 26.9% in the protein. The next most abundant amino
acid residues are proline (20 residues, 15.4%), glutamine (15, 11.5%), leucine (15,
11.5%) and serine (8, 6.2%). The GRAVY (Grand Average of Hydropathy) (Kyte
and Doolittle, 1982) score of a protein is calculated as the sum of hydropathy
values of all the amino acids, divided by the number of residues in the sequence,
where higher values indicate higher hydrophobicity. The GRAVY score of 10-kDa
δ-zein is 0.513, indicating that the protein is hydrophobic. It should be noted
that the 3xFLAG-6xHis-tagged 10-kDa δ-zein has a GRAVY score of -0.208, as
the affinity tags are much more hydrophilic than the rest of the protein.
An empty plasmid control (pCPS1UHA) and pDS090 (10-kDa δ-zein with
C-terminal tag) were transformed into BY4742, yDS136 (PTDH3-MET6, PTDH3-
STR3, sam2 ∆, met30 ∆, met32 ∆) and yDS138 (PTDH3-MET6, PTDH3-STR3,
sam2 ∆, met30 ∆, met32 ∆, HOM3(A846T), thr1 ∆) and grown in 5 ml of SC-
MET-URA + 4% galactose for 48 h. After lysis, equal amounts of the lysate
(soluble fraction) or the centrifuged cell debris resuspended in YeastBuster
(insoluble fraction) were used for analysis by SDS-PAGE and Western blot. The
results are summarised in Figure 5.2.
All strains were able to express 10-kDa δ-zein, as detected by Western blotting,
and the protein was found in the insoluble fraction only (Figure 5.2 A). Notably,
the Western blot using the resuspended cell debris did not show additional bands
(as opposed to the Western bot using samples concentrated by a Ni-NTA slurry).
The loading control antibody (anti-actin) could not be detected by the secondary
antibody (anti-mouse IgG-peroxidase), which prevented a quantification by direct
comparison of actin to 10-kDa δ-zein ratios. Visual inspection of the band
intensities did not suggest drastic differences in expression between strains.
The Coomassie Blue stained SDS-PAGE gel indicated that similar amounts of
the soluble or insoluble fraction, respectively, were loaded for each strain (Figure
5.2 B). An additional band at the size of around 17-18 kDa can be seen in the
insoluble fractions of the 10-kDa δ-zein expressing strains (compared to strains
carrying an empty plasmid control).
Despite failing to detect the loading control, the band intensities were semi-
quantitatively analysed using the Image Studio Lite (Licor) software. The
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Figure 5.2: Western blot and Coomassie Blue stained SDS-PAGE of
strains expressing 10-kDa δ-zein. (A) Western blot of 10-kDa δ-zein(-3x-FLAG-
6xHis) expressing strains. Primary antibodies: anti-His & anti-actin. Secondary
antibody: Anti-Mouse IgGPeroxidase. The image was acquired using a C-DiGit
Chemiluminescent Western Blot Scanner (Licor). (B) Coomassie Blue stained SDS-
PAGE gel. The asterisk indicates 10-kDa δ-zein(-3x-FLAG-6xHis). The arrow
indicates the 80 kDa reference band. Equal amounts of the soluble (sol) and insoluble
(insol) fraction of each strain, respectively, were loaded on the gel.
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intensity of each band in the Western blot was divided by the intensity of a typical
band in either the Ponceau S stained membrane (reference band size around 50
kDa) or in a Coomassie Blue stained SDS-PAGE gel that was loaded with the
same amount of sample as in the Western Blot (reference band size around 80
kDa). The results of the analysis were normalised to the band intensity in BY4742
and are listed in Table 5.3.
Table 5.3: Relative band intensities of 10-kDa δ-zein(-3x-FLAG-6xHis) detected by
Western blot in BY4742, yDS136 or yDS138. The table shows values of the raw
band intensities of the Western blot (Western), normalised to a representative band
in the Ponceau S (Western/Ponceau S) or normalised to a representative band in
the Coomassie Blue stained SDS-PAGE gel (Western/Comassie Blue). The values of
yDS136 and yDS136 were divided by the value of BY4742.
Strain Western Western/Ponceau S Western/Coomassie Blue
BY4742 1 1 1
yDS136 0.94 0.62 0.89
yDS138 0.82 1.26 0.77
In all cases, the expression of 10-kDa δ-zein was lower in yDS136 and yDS138
than in BY4742. The only exception was yDS138, when the intensity of the
Western Blot band was divided by the intensity of a representative band in the
Ponceau S stained membrane. The quantification of the Western blot alone and
the Western blot normalised to a reference band in the Coomassie Blue stained
SDS-PAGE gel indicated that 10-kDa δ-zein was less highly expressed in yDS138
than in yDS136 and BY4742. The quantification of the Western blot normalised
to the Ponceau S stained membrane indicated the highest expression of the protein
in yDS138, but it should be noted that the Ponceau S stain of the membrane was
uneven.
5.4 Structural analysis of the full and truncated
10-kDa δ-zein protein
The N-terminal sequence of 10-kDa δ-zein, which was predicted to be a signal
peptide, contained a cysteine residue (Ber e 1 and SFA8 did not contain a
cysteine in their predicted signal peptide). In order to investigate, whether the
truncation of 10-kDa δ-zein influenced protein stability by disrupting one or more
disulphide bonds, the three-dimensional model of the full and truncated protein
was predicted using the I-TASSER web server (Yang and Zhang, 2015). The
predicted models are shown in Figure 5.3.
The predicted structure for the truncated protein (Figure 5.3 A) showed two
longer helical structures connected by a single disulphide bond (Cys24-Cys91).
The predicted structure for the full protein (Figure 5.3 B) did not exhibit a
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Figure 5.3: Cartoon representation of I-TASSER models for the truncated
and full 10-kDa δ-zein protein. (A) The truncated protein; the disulphide bond
(S-S) between Cys24 and Cys91 is shown in stick representation. (B) The full protein.
All cysteine residues are shown in stick representation. The distance between the two
cysteine residues corresponding to the disulphide bond in the truncated protein (Cys44
& Cys111) is marked by a dotted line. The N-terminus and C-terminus are marked
by the letters N and C, respectively.
disulphide bond, but the same cysteine residues (Cys44 & Cys111) were in close
proximity (5.1 Å). Both models had low large unstructured regions and low
confidence scores (C-scores below -3.8), indicating low quality models. The I-
TASSER modelling started from structure templates identified in the PDB library
and three (for the truncated 10-kDa δ-zein protein) and four (full protein) of the
highest scoring structures used for modelling were structures of 2S albumins.
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5.5 Discussion
In this work, three different seed methionine storage proteins were expressed in S.
cerevisiae, but only 10-kDa δ-zein was able to be detected. It remained unclear,
why neither Ber e 1 nor SFA8 were detected: Both proteins were expected to be
soluble and the addition of an affinity tag might have influenced protein fold and
subsequently stability and/or the ability to be translated. On the other hand, the
initial expression experiment involved a purification step using Ni-NTA slurry, in
which the His-tags might not have been exposed to the nickel matrix of the slurry,
since both structures were stabilised by four disulphide bonds (Rundqvist et al.,
2012; Pantoja-Uceda et al., 2004) and only the insoluble fraction was treated
with a reducing agent. Furthermore, most strains expressing a 2S albumin grew
to a lower final OD600. Inspecting cell morphology by microscopy could reveal,
whether the expression of Ber e 1 or SFA8 could be toxic via the permeabilisation
of the cell wall, which has been described previously to be an effect of other 2S
albumins (Agizzio et al., 2006).
Interestingly, the 10-kDa δ-zein showed extra bands in the initial bands that
were not visible in the later Western blot of 10-kDa δ-zein in the insoluble fraction
of BY4742, yDS136 and yDS138. Two possible explanations of the additional
bands seem unlikely: Unspecific binding of the antibody (the bands were not
observed in the other samples) or degradation of the protein while binding to
the nickel matrix (protease inhibitor was added to the solution). Notably, the
samples were taken at different timepoints (after 24 h in the initial screen versus
after 48 h when comparing different strain backgrounds). Measuring expression at
different timepoints could reveal, whether a degradation inside the cells occurred
in a time-dependent manner.
The 10-kDa δ-zein protein was successfully expressed in the wild-type BY4742
strain as well as methionine and cysteine overproducing strains yDS136 and
yDS138. Nevertheless, the results were ambiguous and it remained unclear,
whether the engineered strains increased the expression significantly.
The large number of non-polar amino acids such as methionine and leucine
and a high GRAVY score indicated that 10-kDa δ-zein might not be soluble
in the cytosol. Indeed, no protein was found in the soluble fraction of cells
expressing the protein, but it remained unclear, where exactly inside the cell
it accumulated. It is possible that that either the protein was inserted into
cellular membranes, even though no transmembrane domains have been predicted,
or it formed insoluble protein aggregates and was targeted to the Insoluble
Protein Deposit (IPOD) for degradation (Rothe et al., 2018). The 10-kDa δ-zein
localisation should be investigated using immunofluorescence microscopy because
a fusion with a fluorescent protein, which would be larger than 10-kDa δ-zein
itself, could influence the solubility and stability of the protein. If the protein is
being degraded in the vacuole, deleting vacuolar proteinases might increase the
stability of the protein (Liao et al., 2005; Arendt et al., 2017).
Since methionine levels were expected to be higher in yDS136 and yDS138
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(Figure 4.3), it was surprising that these strains were less able to express 10-kDa
δ-zein. It should be noted that the actual methionine levels were not measured
in BY4742, yDS136, and yDS138 when utilising galactose instead of glucose
as a carbon source. Utilisation of galactose through the Leloir pathway is less
efficient than utilisation of glucose, which could have impeded the ATP intensive
biosynthesis of methionine (Nilsson and Nielsen, 2016). Additionally, other highly
abundant amino acids in the 10-kDa δ-zein protein such as leucine and proline are
present at low concentrations in the S. cerevisiae cytosol (Mülleder et al., 2016)
and might have become limiting for protein synthesis as well (see also Figure 4.4).
The stability of the 10-kDa δ-zein protein remains an open question. Removing
the N-terminal sequence might have reduced protein stability by disrupting one
or two disulphide bonds and monitoring protein production at more timepoint
would help elucidating protein production and degradation dynamics. The
homology modelling of the truncated and full 10-kDa δ-zein protein did not reveal
conclusively, whether the structure is stabilised by internal disulphide bonds or
whether the protein forms stable dimers similar to α-zeins in maize. Nevertheless,
the quality of the models was poor due to a lack of similar structures in the
PDB library. Structurally similar 2S albumin proteins possess several disulphide
bonds, which contribute to their remarkable stability and resistance to heat
and enzymatic degradation (Pantoja-Uceda et al., 2004; Rundqvist et al., 2012).
Secreting 10-kDa δ-zein by fusing it to the preprosegment of the α-factor precursor
might also prevent degradation of the protein (Brake et al., 1984; Zsebo et al.,
1986).
On the other hand, 2S albumins are major allergens and stabilising the 10-kDa
δ-zein structure might reduce their degradation in the animal gut and increase
the possibility of being an allergen in humans (Moreno and Clemente, 2008).
The only maize allergen identified was is a lipid transfer protein with structural
similarities to 2S albumins (Pastorello et al., 2000). Future experiments should




The aim of this work was to overproduce the sulphur amino acid methionine in
Saccharomyces cerevisiae, which is a generally recognised as safe (GRAS) organ-
ism that has broad applicability in food additives or livestock feeds (Bekatorou
et al., 2006). Methionine biosynthesis is native to S. cerevisiae: Inorganic sul-
phur in the form of sulphate is imported into the cell and reduced to sulphide.
Sulphide is transferred to O-acetylhomoserine to yield homocysteine, which is the
central branching point in the biosynthesis of sulphur amino acids, methionine
and cysteine (via the transsulphuration pathway). Sulphur amino acid levels are
tightly controlled by transcriptional regulation of biosynthetic enzyme synthesis
and feedback inhibitions of enzymes in the pathway (Ljungdahl and Daignan-
Fornier, 2012).
In chapter 3, a Design of Experiments (DOE) approach was used to increase
methionine titres. In chapter 4, the feedback inhibitions of the aspartate kinase
and O-acetylhomoserine sulfhydrylase (OAH-SHLase) were overcome and their
effect on methionine and cysteine production assessed. In chapter 5, a methionine
storage protein from maize was expressed in S. cerevisiae.
In this chapter, the following are discussed: (i) the usefulness of DOE for strain
improvement and the comparison of improved strains to other work in S. cerevisiae
and other organisms, (ii) addressing feedback inhibitions in the pathway and the
implications on the accumulation of other sulphur compounds in S. cerevisiae,
(iii) the potential of expressing a methionine storage protein for the improvement
of S. cerevisiae nutritional value, and (iv) future work, especially the potential of
S. cerevisiae for the semisynthetic production of unnatural amino acids.
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6.1 DOE is a powerful tool for discerning the
main factors in the production of methion-
ine
The DOE approach for increasing methionine titres chosen in chapter 3 was
able to discern the major influences on methionine production and increase the
methionine titre up to 5.3-fold.
The DOE approach identified the increased expression of MET6 and STR3 as
well as the deletion of SAM2 and MET30 /MET32 as the most important genetic
factors in engineering a methionine overproducing strain. At the same time the
model predicted that increasing the glucose concentration and decreasing the
fermentation time would increase methionine titres (Figure 3.6). Even though
only a limited dataset was used to build a linear regression model, the predictions
could be explained by previously published data and general biological context.
MET6 was overxpressed previously to increase methionine availability for the
production of S-adenosylmethionine (SAM) (Chen, Wang, Cai and Zhou, 2016;
Kanai, Mizunuma, Fujii and Iefuji, 2017) and it is not surprising that increasing
the precursor supply of homocysteine by increasing STR3 expression is only
effective if MET6 expression is elevated as well. Similarly, it could have been
expected that a deletion of SAM2 would have increased methionine levels more
than a SAM1 deletion, since SAM2 is more highly expressed than SAM1 in a
methionine restricted environment (Zou et al., 2017). Furthermore, the DOE
approach could give insights about biological processes: It was unclear a priori,
whether activating the transcriptional activator Met4p by deleting MET30 and
MET32 would have increased or decreased methionine levels since it would
have induced the production of enzymes that push metabolic flux both towards
methionine and away from it. By applying DOE it was inferred that deleting
MET30 and MET32 had a net positive effect on methionine titres (Figure 3.6
B).
Considering all of the flaws in the specific DOE approach chosen here, the
successful application might be regarded as unexpected. Only eleven of the de-
signed strains were able to be generated (Figure 3.3) and the transcriptional data
used for building the model was collected in a similar but different experimental
context compared to this work (Lee et al., 2015; Zou et al., 2017). Those main
drawbacks could have been overcome by two measures: (i) a set of scoping experi-
ments to investigate, whether all intended genetic manipulations (of genes in yeast
central metabolism) would result in viable strains, and (ii) a set of experiments
measuring the transcriptional dynamics in the context of this experiment. Brown
et al. (2018) successfully created DOE aided libraries of alcohol dehydrogenases
deletion strains in S. cerevisiae and Xu et al. (2017) created and characterised a
T7 promoter library before choosing promoters for the DOE aided improvement
of a heterologously expressed violacein in E. coli. Applying these measures would
have drastically improved the quality of the DOE approach used in this work.
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Nevertheless, the newly constructed strain yDS136 (Figure 3.8) performed
better than the wild-type and every single strain during the DOE experiments.
However, the failure to reproduce in chapter 4 the yDS136 methionine titres
measured in chapter 3, raises the question, whether the generated strain is suitable
for the fermentative production of methionine. Yoshida et al. (2011) measured a
steep drop of internal methionine concentrations after reaching its peak around
8 hours of culturing. Similarly, the higher methionine titres after shorter growth
times of the DOE strains (Figure 3.5) and the variability of methionine titres in
yDS136 measured in this work indicates that levels of intracellular methionine are
tightly linked to the growth phase of yeast and internal pools of free methionine
are being depleted for protein and/or SAM biosynthesis. It remained unclear,
how growth in a fermenter might influence the productivity of the strain.
Engineering approaches in other organisms combined the overexpression of a
methionine exporter with the deletion of a methionine importer (Huang, Liu, Jin,
Tang, Shen, Yin and Zheng, 2017). Accumulation of methionine in the medium is
highly desirable since it prevents the organism from utilising it for growth while
simplifying the purification in a downstream process. Applying that strategy to S.
cerevisiae would require the deletion of genes encoding the methionine permeases
Mup1p and Mup3p (Isnard et al., 1996) as well as general amino acid permeases
such as Gap1p, Agp1p and Gnp1p (Ljungdahl and Daignan-Fornier, 2012), all of
which could reduce the competitive fitness of strains. Unfortunately, the presence
of a methionine specific exporter has not been reported in S. cerevisiae and the
measurements of media samples in this work imply no active export of methionine.
Interestingly, Brigidi et al. (1988) measured methionine outside of yeast
cells. The authors subjected Saccharomyces uvarum to chemical mutagenesis
and isolated strains resistant to ethionine, a structurally similar to methionine
and toxic amino acid. Unfortunately, Brigidi et al. (1988) did not identify
the mutation(s) conferring ethionine resistance. Another ethionine resistance
conferring mutation, which restores the functionality of the multi-drug and toxin
extrusion (MATE) exporter Erc1p, caused the accumulation of SAM inside the
cells (Shiomi et al., 1991; Kanai, Kawata, Yoshida, Kita, Ogawa, Mizunuma,
Watanabe, Shimoi, Mizuno, Yamada, Fujii and Iefuji, 2017). Weak evidence
suggested that Erc1p localises to the vacuole (Shiomi et al., 1991) and SAM
accumulated inside the cells, therefore it seems unlikely that functional Erc1p
directly exports methionine into the medium. Thus, the export of methionine in
ethionine resistant S. uvarum strains described by Brigidi et al. (1988) could have
two likely explanations: (i) the strains were lacking amino acid permeases and
intracellular methionine accumulated to levels high enough to cause excretion via
an unspecific amino acid exporter (e. g. Aqr1p), or (ii) one or several mutations
caused a native exporter to be more specific for methionine. Future work trying
to export methionine should focus on deleting amino permeases and mutating
the gene of a native amino acid exporter, e. g. AQR1 (Velasco et al., 2004), to
increase the exporter’s specificity for methionine.
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Direct comparisons between methionine titres of yDS136 and methionine pro-
duction in yeasts reported in past literature are not possible, because the strains,
culturing conditions, and sampling times differed. Compared to methionine titres
reported by Brigidi et al. (1988) and in this work, several groups and companies
were much more successful in producing methionine in other organisms such as
E. coli or C. glutamicum. The company Metabolic Explorer filed a patent (Dis-
chert and Figge, 2013) for an E. coli strain reaching methionine yield of 0.24
(g/g glucose) (Metabolic Explorer reported a methionine yield of 0.29 g/g and
a methionine titre of 63 g/l, which is the solubility limit of methionine, at the
Metabolic Engineering 12 conference in 2018), Li et al. (2016) produced 6.85 g/l
methionine in C. glutamicum and Huang, Liu, Jin, Tang, Shen, Yin and Zheng
(2017) produced 9.75 g/l methionine in E. coli.
In summary, the DOE approach was able to increase methionine titres
compared to the wild-type strain. Nevertheless, the titres were low compared
to titres reported previously in other organisms, which could be explained by
several limitations (export and feedback inhibitions of pathway enzymes) not
addressed during the DOE approach. The implications of addressing the feedback
inhibitions are discussed below.
6.2 Feedback inhibitions play a crucial role in
the biosynthesis of sulphur amino acids
The low levels of homoserine in yDS136 suggested that homoserine biosynthesis
was a crucial bottleneck in the biosynthesis of methionine. Homoserine levels
were successfully increased by introducing a mutation in HOM3 removing the
feedback inhibition of Hom3p, and by blocking threonine biosynthesis through
the deletion of THR1. Nevertheless, the resulting strain yDS138 did not have
increased methionine titres (Figure 4.3). This result suggests that methionine
biosynthesis is regulated at several steps after homoserine in S. cerevisiae.
It remained unclear, why increased levels of homoserine did not increase
methionine titres. Met17p was described as being feedback inhibited by me-
thionine (Yamagata, 1971) and Met2p was partially inhibited in vitro by O-
acetylhomoserine, homocysteine and cysteine (Yamagata, 1987). While feedback
inhibitions might have played a role, it seems unlikely that they are the sole expla-
nation for lower methionine titres in yDS138. Martinez-Force and Benitez (1992)
isolated ethionine resistant and fast-growing mutants from a pH controlled contin-
uous culture and several isolated strains had drastically elevated levels of aspartic
acid, homoserine and methionine (up to a 160-fold increase of methionine for the
highest producing strain). On the contrary, threonine overproducers expressing
a copy of feedback insensitive HOM3 were shown to reach lower optical densities
at the end of fermentation (Farfán and Calderón, 2000), which was also the case
for yDS138. The biosynthesis of methionine is ATP intensive and requires large
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amounts of reducing equivalents in the form of NADH/NADPH for the synthesis
of homoserine and the reduction of sulphate to sulphide. Activating the ho-
moserine biosynthesis and the sulphur assimilation pathways might have severely
lowered the ratios of cytosolic NADPH/NADP and thereby reducing the ability
to effectively synthesise homocysteine and methionine. Measuring the amount of
intracellular sulphide (Linderholm et al., 2008) and the NADPH/NADP ratios
(Zhang et al., 2016) could reveal new possible bottlenecks.
Given the failure to increase methionine titres by genetic manipulation and
increase of homoserine supply, it seems probable that a change in the culturing
conditions could improve methionine titres further. Carbon flux analysis showed
that S. cerevisiae strains grown on ethanol accumulated more ATP, methionine
and SAM (Hayakawa et al., 2018). Growth on thiosulphate as a sulphur source
reduces the NADPH consumption of sulphur assimilation but also decreases flux
through the TCA cycle and increases ethanol production when growing on glucose
(Funahashi et al., 2015; Chen et al., 2018). Each of these changes or a combination
of both tested in a fermenter have the potential to increase the methionine titres
of yDS138 above yDS136.
The overexpression of bacterial OAH-SHLases proved to be not sufficient
for improving methionine titres. OAH-SHLases can have different substrate
specificities and inhibition kinetics, and the two bacterial OAH-SHLases used
in this work, LmMetY & RsMetZ, were characterised in vitro (Belfaiza et al.,
1998; Kim et al., 2011). Different behaviour of LmMetY in vivo could explain,
why its overexpression reduced homoserine but did not increase homocysteine or
methionine levels. At the same time, some of the experimental evidence point
towards RsMetZ having a higher preference for cysteine rather than sulphide. It
is possible that increasing internal sulphide levels would increase the specificity
of RsMetZ it as a substrate, leading to higher levels of homocysteine.
To my knowledge, this work presents the first evidence that cystathionine
accumulates inside met30 ∆/met32 ∆ strains and is exported into the medium as
well. Current literature described cystathionine accumulation to occur in cys3
mutant strains but did not measure, whether accumulation occurred outside
the cells (Ono et al., 1984). The high levels of cystathionine in the yDS138-
RsMetZ strain (Figure 4.6 C & D) and the export to the medium (Figure 4.6
B) suggested the possibility of overproducing cysteine in S. cerevisiae. Co-
expressing CYS3 indeed reduced the accumulation of the cysteine precursors
homoserine and cystathionine (Figure 4.7 B & D), but did not increase cysteine
titres. Furthermore, the conversion of of precursors homoserine and cystathionine
was incomplete, indicating an imbalance of co-factors needed for the synthesis
of precursors. Given the the preference of RsMetZ for cysteine as a substrate
and the cystathionine accumulation of yDS138 itself (Figure 4.6 C & D), the
overexpression of CYS3 alone might prove more successful for overproducing
cysteine.
The mechanism of cysteine secretion in S. cerevisiae remains unclear. Neither
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the overexpression of AQR1 nor the deletion of YCT1 did increase extracellular
cysteine accumulation. While it is unknown whether Aqr1p exports either
cysteine or homocysteine, deleting the gene encoding Str3p, which converts
cystathionine to homocysteine, might prevent the extracellular accumulation of
homocysteine in strains overexpressing RsMetZ. Similarly, deleting genes encoding
amino acid permeases responsible for cysteine uptake (Düring-Olsen et al., 1999)
as well as the highly specific cysteine transporter Yct1p (Kaur and Bachhawat,
2007) might prove more successful in prohibiting the reimport of cysteine.
It is worth noting that the engineered strain yDS138 and the overexpression of
RsMetZ did not suggest an increase in cysteine titres: The increased expression of
MET6 and STR3 and the preference of RsMetZp would imply flux being pushed
away from cysteine. Nevertheless, yDS138-RsMetZ -CYS3 reached cysteine titres
of more than 5 mg/l, with the majority of cysteine measured in the medium
(Figure 4.7 A). Compared to cysteine reached in other organisms, the titres
described in this work were low: Wei, Wang, Xu, Zhou, Ju, Liu and Ma (2019)
produced about 1 g/l in C. glutamicum, Takumi et al. (2017) reached titres of 2
g/l in Pantoea ananatis and the highest titre of 5.1 g/l in E. coli was reported by
Liu et al. (2018). Applying the strategies described above could improve cysteine
titres in S. cerevisiae to comparable levels. Interestingly, Maier (2003) utilised
the cysteine biosynthesis pathway of E. coli and its O-acetylserine sulfhydrylase
to produce unnatural amino acids (UAA) by feeding it synthetic thiol substrates.
Similarly, the strains described in this work could be used as a platform for the
semisynthetic production of UAA. The different amino acid backbone used for the
sulfhydrylation (O-acetylhomoserine instead of O-acetylserine) would produce a
different set of UAA with the same substrates while S. cerevisiae might be more
resistant to the toxic effects of some substrates.
The substrate promiscuity of many OAS-SHLases and OAH-SHLases has
been applied succesfully for the synthesis of unnatural amino acids (UAA)
by providing different nucleophiles as co-substrates with acetylated amino acid
backbones (Salvo et al., 2012). Omura et al. (2003) purified a thermostable OAH-
SHLase from Bacillus stearothermophilus and used it to synthesise γ-cyano-α-
aminobutyric acid from O-acetylhomoserine and cyanide. Other studies utilised a
C. glutamicum OAH-SHLase to produce methionine analogues, azidohomoalanine
and S-allyl-homocysteine, inside E. coli and incorporate them into proteins for
labelling (Ma et al., 2014; Nojoumi et al., 2019). Similarly, Maier (2003) generated
a broad range of UAA semi-synthetically exploiting an E. coli O-acetylserine
sulfhydrylase and feeding various nucleophile substrates.
In summary, mutating HOM3 and removing the feedback inhibition of its gene
product proved crucial for improving the availability of the sulphur amino acid
precursor homoserine. Nevertheless, conversion of homoserine into methionine
or cysteine was incomplete, possibly because of co-factor imbalances. The
accumulation cystathionine in a OAH-SHLase expressing strain points towards
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the potential of S. cerevisiae as an alternative platform for the semisynthetic
production of new UAA.
6.3 Expression of a methionine storage protein
Of three different methionine storage proteins, only the expression of a Zea
mays methionine storage protein in S. cerevisiae was possible. However, several
questions about its feasibility to increase the nutritional value of yeast remained
unanswered.
It is unclear, why neither Ber e 1 nor SFA8 were able to be detected. The
studies characterising their structures either expressed the protein in Pichia
pastoris and purified it on a heparin column (Lin et al., 2004) or purified directly
it from sunflower seeds (Alcocer et al., 2002). Therefore, it seems likely that both
storage proteins might not have been detected because during the concentration
step using a Ni-NTA slurry the His-tag was not exposed and the proteins did not
bind to the Ni matrix.
The 10-kDa δ-zein was able to be expressed in different S. cerevisiae strains
(Figure 5.2). Previous literature described zeins as not water soluble (Lawton,
2002) and the calculated GRAVY (Grand Average of Hydropathy) score (Table
5.2) suggested the protein to be not soluble. Unsurprisingly, 10-kDa δ-zein was
detected only in the insoluble fraction of all strains. Nevertheless, BY4742
seemingly produced more of the protein than yDS136 and yDS138, which
produced more methionine in previous experiments (Figure 4.3 A), throwing up
the question what factors might have been limiting. It should be noted, that only
one successful Western blot was performed and several experiments will need to
be repeated, but a few possible reasons for the differences in strains are discussed
below.
Since the free amino acid composition was not measured in the growth
conditions used for the expression of 10-kDa δ-zein, it remained unclear, whether
yDS136 or yDS138 produced the same amounts of methionine using galactose
(instead of glucose) as a carbon source. ATP supply could have become limiting
as it is needed for both, methionine biosynthesis and protein synthesis as well.
Switching to a strong constitutive promoter for the expression of 10-kDa δ-zein
instead of the inducible PGAL1 promoter would circumvent the need for galactose
in the growth medium. On the other hand, if the availability of proline was
limiting, further strain engineering would be necessary for improving protein
production.
Expression of a methionine storage protein offered the opportunity to overcome
transcriptional regulation and feedback inhibition of biosynthetic enzymes by free
methionine. Sequestering methionine in a storage protein (instead of exporting it
to the medium) would deplete intracellular free methionine and thereby activate
transcription of methionine biosynthetic enzymes. Attempts to express storage
proteins in crop plants did not always increase the overall sulphur content as the
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amount of other sulphur containing proteins was lowered (Hagan et al., 2003;
Chiaiese et al., 2004). Therefore, any strains expressing 10-kDa δ-zein will have
to be tested for the total methionine content and any changes to the proteome.
Another limiting factor might have been the stability of 10-kDa δ-zein. The
initial expression of 10-kDa δ-zein was investigated after 24 h of growth and two
additional smaller bands were detected, indicating a degradation of the protein.
Intriguingly, the two additional bands were not detected after 48 h of expression
in either BY4742, yDS136 or yDS138. If intracellular degradation occurred, it
happened most likely the Insoluble Protein Deposit (IPOD), since the protein does
not contain a lysine residue that could be target it for ubiquitination. Previous
studies increased protein stability by deleting vacuolar proteinases (Liao et al.,
2005; Arendt et al., 2017), which could be a promising approach for enhancing
10-kDa δ-zein production.
Given the lack of any zein protein structure published in the protein database,
homology modelling of the full and truncated 10-kDa δ-zein could produce only
very low quality structure models (Figure 5.3). The only published (but not
deposited in a protein database) zein structure was of an α-zein (Momany et al.,
2006), which has a different amino acid composition and forms a mesh-like
structure stabilised by disulphide cross-links (Lawton, 2002; Guo et al., 2005;
Zhang et al., 2018). Therefore, it seems reasonable that the 10-kDa δ-zein
structure is more similar to 2S albumins, which are stabilised by four internal
disulphide bonds. The full 10-kDa δ-zein sequence has six cysteine residues
and the homology modelling could not discern, whether the protein is stabilised
by three internal disulphide bonds, respectively, but the full protein could be
more stable when expressed in S. cerevisiae. On the other hand, the increased
stability could also lead to it being a food allergen since the allergenic properties
of 2S albumins are thought be mediated by their stable structure (Moreno and
Clemente, 2008). However, previous studies identified maize α- and β-zeins as
potential allergens, but not the 10-kDa δ-zein (Pastorello et al., 2000, 2009).
In summary, the methionine storage protein 10-kDa δ-zein was successfully
expressed in various S. cerevisiae strain, hinting at its potential to increase the
sulphur amino acid content and thereby nutritional value of yeast. Nevertheless,
more experimentation is needed to ascertain, which strain engineering approach
could improve protein production, and whether the expression of the protein can
increase the total methionine content.
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6.4 Future work
6.4.1 Further characterisation of amino acid producing
strains
Despite being able to measure every proteinogenic amino acid and many non-
proteinogenic amino acids, many cellular conditions during methionine production
remained unclear.
This work used a DOE approach to design and generate a range of strains
with a changed expression of key genes in the methionine biosynthesis pathway.
The expression was changed by inserting a constitutive promoter in front of the
ORF and/or activating Met4p by deleting MET30 and MET32. For constructing
a linear regression model, it was assumed that gene expression was comparable
to a methionine restricted environment as described by Zou et al. (2017).
However, gene expression in those strains was not measured. Genetic context
is known to influence the strength of promoters (Redden et al., 2014) and Met4p
(in wild-type MET30 and MET32 strains) regulates gene expression in response
to methionine levels. It is therefore very likely that the expression values used in
the linear regression model were significantly different from the expression in the
context of the experiments measuring methionine titres. Transcriptional levels
of methionine biosynthesis genes should be measured in a set of representative
strains using RT-qPCR and those results could be used in turn to optimise the
predictions of the DOE model.
More transcriptional data could also elucidate, whether a MET30 /MET32
deletion induces gene transcription in a similar way as sulphur or methionine
starvation. Several critical genes in methionine biosynthesis (e. g. HOM3 ) were
reported to be induced under methionine restriction conditions (Zou et al., 2017),
even though they do not possess cofactor binding sites in their promoter regions
needed for Met4p activation (Lee et al., 2010). Previous studies investigated the
transcriptional responses on a time scale of up to 90 minutes after starvation
or induction of a phenotype (Lee et al., 2010; Zou et al., 2017). It would
be of interest to know, how transcription changes in met30 ∆/met32 ∆ strains
on a larger time scale over several hours, which is more comparable to typical
fermentation timespans.
Beyond the transcriptional response of genes in the methionine biosynthesis
pathway, protein levels could also have been influenced by the rewiring of
central sulphur metabolism. Methionine biosynthesis is energy intensive and
its precursors are either other proteinogenic amino acids (aspartic acid) or
substrates for the biosynthesis of other proteinogenic amino acids (homoserine,
homocysteine). Pushing flux towards methionine could lead to amino acid
imbalances and indirectly causing a change in global protein biosynthesis. An
untargeted proteomics approach could discern global relative protein changes
compared to the wild-type BY4742 strain.
Since cytosolic levels of free methionine might peak during exponential growth
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phases (Yoshida et al., 2011), measuring amino acid levels at several timepoints
before the 24 h mark would provide insights into metabolite dynamics. Similarly,
quantifying other key metabolites such as ATP, NADPH and hydrogen sulphide
would help to ascertain, whether the supply of ATP and/or NADPH became a
limiting factor in methionine production. If that would prove to be the case,
ATP supply could be increased by switching the carbon source to ethanol while
the use of thiosulphate as a sulphur source should reduce the need for NADPH
in the sulphur assimilation pathway. Additionally, a 13C flux analysis of sulphur
amino acid overproducing strains could reveal in more detail, how different carbon
sources change the availability of cofactors.
Finally, glutathione levels should be measured to explore, whether excess
cysteine was used for the synthesis of glutathione. Glutathione levels can be
measured easily by enzymatic assays (Forman et al., 2009) and glutathione is
known to increase the resistance to oxidative stress (Izawa et al., 1995). Measuring
oxidative stress beyond the glutathione levels itself is also important, since the
the deletion of MET30 and MET32 might influence the stress response of those
strains (Jamieson, 1998; Jamnik and Raspor, 2005). S. cerevisiae with elevated
amounts of glutathione have the potential to increase the robustness to inhibitors
in pretreated lignocellulosic materials (Ask et al., 2013).
6.4.2 Transport of metabolites across membranes
The successful production of sulphur amino acids calls for the export of the
product into the fermentation medium while blocking the reimport in the cell
and utilisation for growth.
Methionine and cysteine import into S. cerevisiae has been well described
previously (Isnard et al., 1996; Düring-Olsen et al., 1999; Kosugi et al., 2001;
Kaur and Bachhawat, 2007; Ljungdahl and Daignan-Fornier, 2012). Besides
genes encoding the methionine (MUP1 & MUP3 ) and cysteine (YCT1 ) specific
permeases, several genes encoding general amino acid permeases (GAP1, AGP1,
GNP1 ) would be targets for gene deletions. Nevertheless, those genetic changes
would need to be performed in a strain background without any amino acid
auxotrophies in order to ensure optimal growth.
Establishing specific export of methionine and/or across the plasma membrane
would be desirable in import-deficient strains. The only described exporter,
Aqr1p, would be an obvious option for overexpression, but its broad amino
acid specificity means the export of other amino acids such as aspartic acid and
homoserine as well (Tenreiro et al., 2002; Velasco et al., 2004). Several methionine
exporters have been described in E. coli and C. glutamicum (Trotschel et al.,
2005; Liu et al., 2015), but it seems unlikely that prokaryotic exporters will be
functionally equivalent when expressed in the eukaryotic S. cerevisiae. On the
other hand, Brigidi et al. (1988) and this work (Figure 4.3 B) demonstrated the
ability of S. cerevisiae to export methionine or cysteine, respectively, even though
the mechanism was unknown in both cases. AQR1 and/or its paralogue QDR1
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could be mutated (e. g. by error-prone PCR) in order to find mutants that are
specific for the export of either methionine or cysteine.
6.4.3 Exploring the possibility of S. cerevisiae as a plat-
form for the production of Unnatural amino acids
(UAA)
The production of methionine and cysteine encountered the issue that the product
of the fermentation process is at the same time a substrate for other cellular
processes and reactions while methionine and cysteine might inhibit enzymes in
the pathway. This issue could be overcome by focusing on a bioorthogonal product
such as unnatural amino acids (UAA).
UAA are important building blocks for many active pharmaceutical ingre-
dients (APIs) and are usually produced by chemical synthesis (Renata et al.,
2015). Maier (2003) utilised E. coli O-acetylserine sulfhydrylases (OAS-SLases)
to semisynthetically produce UAA by adding different thiol substrates to the
growth medium, but so far no study attempted to imitate the whole range of re-
actions using O-acetylhomoserine (instead of O-acetylserine) as a substrate. The
general feasibility of such an approach was demonstrated by Ma et al. (2014),
who synthesised L-azidohomoalanine from O-acetylhomoserine and sodium azide
by expressing a C. glutamicum OAH-SHLase in E. coli.
The accumulation of cystathionine in met30 ∆/met32 ∆ strains and especially
RsMetZ overexpressing strains indicate that S. cerevisiae is capable of effectively
producing O-acetylhomoserine in yDS138. Therefore, first scoping experiments
for the production of UAA would involve feeding thiol compounds as well as
sodium azide in order to assess, whether the S. cerevisiae OAH-SHLases (Met17p
& Str2p) are able to synthesise homoserine based UAA. Particular consideration
should be given to the analysis of the transport of substrates and UAA products
across the plasma membrane. UAA analysis should involve LC-MS as well as
NMR characterisation of novel UAA.
Depending on the results of the initial experiments, other OAH-SHLases from
other organisms, such as LmMetY, RsMetZ or the C. glutamicum OAH-SHLase
(Ma et al., 2014), could be expressed in S. cerevisiae to test them for their subtrate
specificity and efficacy to synthesise UAA in vivo. Alternatively, homology models
of the enzymes could be used for identifying the active sites and subsequently
engineer the enzyme for substrate specificity and increased efficiency.
Simultaneously, the accumulation of homoserine in yDS138 suggests that the
supply of O-acetylhomoserine could become rate-limiting in the synthesis of UAA.
A recent study used a structure-guided engineering approach to improve the
specific activity of the E. coli homoserine acetyltransferase, MetX (Wei, Wang,
Xu, Cheng, Zhou, Han, Jiang, Liu and Ma, 2019). A similar approach could be
chosen to improve the specific activity of the S. cerevisiae homoserine acetylase
(Met2p) or the improved MetX enzyme described by the authors could be
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expressed in S. cerevisiae to increase O-acetylhomoserine levels. Simultaneously,
the availability of acetyl-CoA, the crucial cofactor in this reaction, should be
increased by applying strategies described before (Nielsen and Keasling, 2016).
Thus, the strains described in this work present the opportunity to transform
S. cerevisiae into a production platform for novel UAA. Several metabolic
engineering approaches can be taken to effectively produce a variety of novel
UAA with high efficiency.
6.4.4 Assessing the potential of expressing a methionine
storage protein for increased sulphur amino acid
contents in S. cerevisiae
The experiments quantifying the expression of 10-kDa δ-zein lacked definitive
conclusions. The Western blots should be repeated with a functional loading
control to be able to semi-quantitatively determine the expression in different
strains. Western blots of more timepoints before the 48 h might reveal the
presence of degradation products and provide insights about the stability of the
protein over time.
Knowledge of the internal metabolite levels is crucial for understanding
potential bottlenecks in the synthesis of 10-kDa δ-zein. Amino acid levels could
be measured by GC-MS and very low levels of methionine or proline would hint at
the possibility that those amino acids were rate-limiting. Similarly, measurements
of ATP and NADPH would elucidate, whether a switch of the carbon source (to
ethanol for increased ATP yield) or sulphur source (to thiosulphate for reduced
NADPH consumption) could improve protein production.
A central aim of sequestering methionine into a storage protein was to mimic
a methionine restricted environment and thereby induce the Met4p-mediated
transcription of methionine biosynthesis genes. Measuring gene expression by RT-
qPCR would help elucidate the transcriptional dynamics in strains expressing 10-
kDa δ-zein. Similarly, untargeted proteomics experiments as well as quantifying
the total methionine content of the hydrolysed proteome would indicate, whether
the expression of a methionine storage protein can increase the total sulphur
content or reduce the expression of other sulphur containing proteins.
Further future experiments should focus on the cellular localisation of 10-kDa
δ-zein. Immunofluorescence microscopy would be a promising approach since a
fusion with fluorescent proteins might influence the solubility and localisation.
Finally, more structural information about 10-kDa δ-zein would promote the
understanding of protein stability and solubility in vivo. Both, the full and trun-
cated variant of 10-kDa δ-zein should be expressed in S. cerevisiae and compared
for their stability and ability to be expressed in vivo by Western blotting. Addi-
tionally, protein (carrying a poly-histidine-affinity tag) should be purified using
ion affinity chromatography (IMAC). Given the expected insolubility of 10-kDa δ-
zein, that approach migh prove difficult, but purified protein could be structurally
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characterised by circular dichroism (CD) spectroscopy and possibly more pre-
cise methodology such as X-ray crystallography or cryogenic electron microscopy
(cryo-EM).
6.5 Concluding remarks
In this work, a DOE approach was utilised to investigate the main influencing
factors on the production of methionine in S. cerevisiae. Even though most DOE
designed strains were not able to be generated, the resulting linear regression
model identified key factors and the newly constructed strain yDS136 exhibited
increased methionine titres. The key intermediate homoserine proved to be rate-
limiting and strains with a feedback resistant aspartate kinase accumulated large
amounts of homoserine but not methionine, hinting that a lack of an effective
export mechanism for methionine might be a crucial hindrance for the production
of methionine in S. cerevisiae. On the other hand, cysteine was produced in
larger amounts than methionine and found mostly in the medium. However,
the accumulation of methionine and cysteine precursors calls for more metabolic
engineering efforts to effectively convert homoserine into sulphur amino acids.
The expression of the 10-kDa δ-zein methionine storage protein presented the
possibility to increase the nutritional value of S. cerevisiae. More experiments are
needed to confirm the efficacy of 10-kDa δ-zein expression and its safety as an
animal feed additive.
Strains with a deletion of MET30 and MET32 accumulated intra- and
extracellular cystathionine, which is to my knowledge to have been reported in
this work for the first time. The even larger amounts of cystathionine in strains
expressing RsMetZ opens the possibility to engineer S. cerevisiae as a platform
for the production of novel unnatural amino acids.
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El Bakkoury, M., Bangham, R., Benito, R., Brachat, S., Campanaro, S.,
Curtiss, M., Davis, K., Deutschbauer, A., Entian, K.-D., Flaherty, P., Foury,
F., Garfinkel, D. J., Gerstein, M., Gotte, D., Güldener, U., Hegemann, J. H.,
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Prediction expression
The full prediction expression of the DOE model is found below.
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Scaled Estimates
The full list of Scaled Estimates can be found below.
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